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Abstract 
 
 
Solid Oxide Fuel Cells (SOFCs) are devices that directly convert chemical energy into 
electrical energy, without proceeding through a Carnot combustion cycle. These devices 
are based on the usage of solid oxide electrolytes operating at relatively elevated 
temperatures. Two major hurdles must be overcome in order to decrease the operating 
temperatures of practical SOFCs. The first relates to reducing ohmic losses within solid 
electrolytes. The second relates to the need for developing high performance electrodes 
since electrolyte reaction rates at both anode and cathode are affected detrimentally as 
operating temperatures fall. 
This PhD project has focussed on addressing the first hurdle in two innovative ways: 
1. the implementation of solid electrolytes with higher ionic conductivity than 
zirconia, 
2. the development of very thin film electrolytes  as thick as 5μm. 
Several thin films with novel electrode-electrolyte structures were fabricated and evaluated 
in order to demonstrate the viability of low temperature SOFC operations. Development of 
such thin films was innovative and challenging to achieve. 
The approach taken in this work involved fabricating a dense and thin gadolinia doped 
ceria (10GDC - Gd 10wt%, Ce 90wt%) oxide electrolyte. 10GDC is an electrolyte 
exhibiting higher conductivities than conventional materials during low temperature 
operations. A research contribution of this PhD was the demonstration of the deposition of 
10GDC thin films using RF magnetron sputtering for the first time. 
10GDC thin film electrolytes with thickness in a range between 0.1 to 5μm were fabricated 
on 10 yttrium stabilised zirconium (10YSZ) substrates by using a RF magnetron sputterer. 
vi 
The primary parameters controlling 10GDC thin film deposition using this method were 
explored in order to identify optimal conditions. The most important input parameters 
included RF power, O2 gas partial pressure and chamber pressure. 
The fabricated films were subsequently analysed for their morphology, composition and 
stoichiometry using a variety of methods, including Scanning Electron Microscopy (SEM) 
with Energy Dispersive X-ray Spectrometry (EDS), optical microscopy, X-ray 
Photoelectron Spectroscopy (XPS), and X-ray Diffraction (XRD).  
The 10GDC thin films morphologies were found to depend on the physical pattern of the 
substrate surface and deposition conditions. The surfaces of the thin films fabricated in this 
work appeared granular with submicron grain dimensions in agreement with current 
theories of film morphology.   
Conductivity of 10GDC on NiO-YSZ was found to be higher than the literature-reported 
values at 500oC, and lower at other temperatures. These differences were ascribed to the 
presence of marked grain boundary effects within the structure of the thin films. Voltages 
which were obtained from this study were found to be linear with current across the range 
of examined temperatures (500 - 7000C) which describes a near linear system. However, 
temperature was found to be inversely related to current and voltage. 
A preliminary test was conducted in order to examine the function of 10GDC thin film 
electrolytes together with the cathode and anode substrates at intermediate temperatures 
(700oC). A complete planar single cell was designed and assembled for this purpose. 
However, when fully assembled and tested, the cell failed to generate any voltage or 
current. Consequently, the remainder of the PhD work was focused on systematically 
exploring the factors contributing to the assembled fuel cell failure. As fabrication failure 
analysis is seldom reported in the scientific literature, this analysis represents a significant 
scientific contribution. 
vii 
This analysis proceeded in a series of steps that involved several different methods, 
including SEM, red dye analysis, surface morphology and cross section analysis of the cell. 
It was found that pinholes and cracks were present during the fuel cell operating test. 
Pinholes, typically at sub-micron scales, were identified within film grain boundary 
channels. While cracks were less than 0.5μm in width, they caused gas cross leakage 
across the device. Cathode delamination was also found to have occurred during the test 
operation.  This was determined to be due to thermal expansion mismatch between the 
cathode substrate and the 10GDC electrolyte thin film. 
A series of suggestions for future research are presented in the conclusion of this work. 
viii 
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Chapter 1. Introduction 
The principle of fuel cell electrochemistry was demonstrated by Grove about 150 years ago 
[1]. Fuel cells produce electrical energy directly from chemical reactions. Like typical 
electrochemical devices, fuel cells consist of three major components: the anode, cathode and 
electrolyte. 
Different fuel cells technologies are summarised in Table 1.1. Each of them has advantages 
and disadvantages relative to each other. 
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Table 1.1 Comparison of different fuel cell technologies [2] 
Fuel Cell 
Type 
Electrolyte Power 
Output 
Operating 
Temperat-
ure 
Applications Advantages Disadvantages 
Polymer 
Electrolyte 
Membrane 
(PEMFC) 
Solid organic 
polymer poly-
perfluoro-
sulfonic acid 
5W-250kW 50–1000C - Distributed generation 
- Portable power 
- Transportation 
- Solid electrolyte 
reduces 
corrosion and 
management 
problems 
- Low 
temperature 
- Quick start up 
- Low temperature 
requires 
expensive 
catalysts 
- High sensitivity 
to fuel impurities 
Alkaline 
(AFC) 
Aqueous 
solution of 
potassium 
hydroxide 
soaked in a 
matrix 
350W-5kW 90–1000C - Space 
- Transportation 
- Cathode reaction 
faster in alkaline 
electrolyte, so 
high 
performance 
- Expensive 
removal of CO2 
from fuel and air 
streams required 
Phosphoric 
Acid 
(PAFC) 
Liquid 
phosphoric 
acid soaked in 
a matrix 
200kW-
1MW 
150–2000C - Electric utility 
- Transportation 
- Up to 85% 
efficiency in 
cogeneration of 
electricity and 
heat 
- Can use impure 
H2 as fuel 
- Requires 
platinum catalyst 
- Low current and 
power 
- Large 
size/weight 
Molten 
Carbonate 
(MCFC) 
Liquid 
solution of 
lithium, 
sodium, 
and/or 
potassium 
carbonates, 
soaked in a 
matrix 
1kW-
100kW 
600–7000C - Electric utility 
- Distributed 
generation 
- High efficiency 
- Fuel flexibility 
- Can use a 
variety of 
catalysts 
- Combined heat 
and power 
- High temperature 
speeds corrosion 
and breakdown 
of cell 
components 
Solid Oxide 
(SOFC) 
Solid 
zirconium 
oxide to 
which a small 
amount of 
yttria is added 
10kW-
2MW 
500–10000C - Electric utility - High efficiency 
- Fuel flexibility 
- Can use a 
variety of 
catalysts 
- Solid electrolyte 
reduces 
corrosion and 
management 
problems 
- Combined heat 
& power 
- High temperature 
speeds 
breakdown of 
cell components 
 
Fuel cells may be classified according to the type of electrolyte used in the cell, material used 
in the fabrication of anode, cathode, and their operating temperature profiles. Important 
families include Polymeric Electrolyte Membrane (PEMFC), Phosphoric Acid (PAFC), 
Alkaline (AFC), Molten Carbonate (MCFC), and Solid Oxide (SOFC) fuel cells. The 
Chapter 1 Introduction Page 3 
 
 
electrochemistry and operating temperature profile of each class of fuel cell is quite different 
from the others. For example, PEMFC, PAFC, and AFC operate near room temperatures and 
normally utilise pure hydrogen as the fuel. At higher operating temperatures, hydrocarbons 
can be converted into H2 and CO through internal reforming processes and thus can be used 
as the fuels for SOFCs (800–10000C) and MCFCs (6500C). All of these devices consume fuel 
at the anode or negative electrode and consume an oxidant at the cathode of positive 
electrode. In the early 1960s and 1970s, fuel cells were developed mainly for space and 
defence applications. After 1960, a rapidly growing number of scientists worked on the 
different problems of solid oxide fuel cells (SOFCs) and by 1970, the basis was established on 
which the broad, technologically-oriented development of SOFCs proceeds today. The fast 
growth of electricity demand across an expanding range of operating scenarios, together with 
increasing concerns regarding environmental impacts has raised renewed interest in fuel cells, 
a technology with potential to revolutionise power generation. SOFCs are the most commonly 
known and conventionally comprise an industry standard electrolyte tile, with close electrical 
contact between the anode and cathode. 
SOFCs hold practical promise over other types of fuel cells because of their all-solid 
construction, and most importantly, that they offer the promise of far more efficient 
conversion of our dwindling fossil fuel supplies into electricity with up to 65% efficiency for 
electric power and 85% efficient for cogeneration. 
The first prototype of a SOFC was demonstrated by Baur and Preis in 1937 [3]. However, not 
until the 1960s did SOFCs start drawing wider attention because of their simple structure and 
easy modularisation. The pioneering work toward a practical SOFC fuel cell was carried out 
at Westinghouse laboratories [3]. 
SOFCs are operated at about 10000C because the electrolytes generally consist of thick 
(>100μm) yttria stabilised zirconia (YSZ) films. At high temperatures, the electrolyte ohmic 
losses from YSZ are not critical and the electrode reactions are fast. However, some practical 
problems prevent these high temperature SOFCs from being widely used [4-6]. First, high 
temperatures can aggravate material degradation, thereby reducing its lifetime. Thus, 
expensive and hard-to-fabricate materials are used as cell components, in particular the 
stacking and gas manifolding. Secondly, thermal management can be difficult. Finally, 
theoretical efficiency is lower at higher temperatures. 
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Reducing the operating temperature of SOFCs to 600–8000C has attracted much interest in 
recent research. At lower operating temperatures, total cost can be lowered because cheap Ni-
Cr-based alloys can be used for stacking and gas manifolding, thermal management is easier, 
and theoretical efficiency is higher [3, 4, 6]. Another method to reduce the electrolyte ohmic 
losses is using novel electrolyte materials such as scandia-zirconia [7, 8] and ceria-zirconia 
[9] because of their higher conductivities compared with YSZ at low temperatures. Making 
these materials into thin films can further decrease the electrolyte ohmic losses. Different 
methods, e.g., electrochemical vapour deposition [10], sputtering [11], tape calendaring [12], 
and colloidal deposition [13], have been used to prepare thin film YSZ and good cell 
performances have been reported [10, 11, 14]. 
Other types of solid electrolytes (see Table 1.2 [15] and Figure 1.1), with higher oxide ion 
conductivities are possible electrolyte candidates for SOFC. Material currently used in most 
SOFC systems is YSZ. It can be used either as TZP (3YSZ: ZrO2 doped with ~3mole% Y2O3) 
or CSZ (8YSZ:ZrO2 doped with ~8mol% Y2O3) [15]. Although the ionic conductivity of TZP  
electrolyte is significantly low but this material still has some advantages because of its 
outstanding mechanical stability [15]. 
Table 1.2 Advantages and disadvantages of possible electrolyte candidates for SOFC [15] 
YSZ GCO LSGM ScSZ 
- Excellent stability in 
oxidizing and reducing 
environment 
- Excellent mechanical 
stability (3YSZ) 
- >40000h of fuel cell 
operation possible 
- High quality raw 
materials available 
- Low ionic conductivity 
(especially 3YSZ) 
- Incompatible with some 
cathode materials 
- Good compatibility with 
cathode materials 
- Mixed electronic-ionic 
conductor at low PO2 
(application in anode 
cermets) 
- Electronic conduction at low 
PO2 →low OCV 
- Mechanical stability 
- Good compatibility 
with cathode 
materials 
- Ga-evaporation at 
low PO2 
- Incompatible NiO 
- Mechanical stability 
- Excellent stability 
in oxidising and 
reducing 
environment 
- Better long term 
stability than 
8YSZ 
- Availability and 
price of scandium 
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Figure 1.1 Oxide ion conductivity of different electrolyte materials [15] 
Electrodes consist of electronic conductors and ionic conductors such as NiO-YSZ anode and 
LSM-YSZ cathode which have been used to enhance the electrode reaction due to large three-
phase boundary length [12]. The electrode performance is strongly affected by its structure 
and composition. Therefore, optimisation is needed to obtain low interfacial resistances. This 
is especially important for low temperature SOFCs. Mixed electronic and ionic conductors 
have also been used as electrodes to enhance the electrode reactions. The electronic 
conduction in these mixed conducting oxides promotes catalytic processes, leading to low 
interfacial resistance [12]. Mixed conducting cathodes, such as (La, Sr)CoO3 (LSC) and (La, 
Sr)(Co, Fe)O3 (LSCF), and anodes such as doped ceria, have been used in low temperature 
SOFCs. However, further improvement is needed to gain better electrode performance at even 
lower temperatures. 
In order to lower the temperature of operation of fuel cell to 500–6000C, two major hurdles 
need to be overcome. The first is to reduce ohmic losses in solid electrolytes and the second is 
to develop high performance electrodes since electrode reaction rates at both the anode and 
the cathode are affected detrimentally as the operating temperature is reduced. 
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1.1. SOFC Design Concepts 
To date, there are essentially four different basic designs for SOFC systems: the planar, seal-
less tubular, monolithic, and segmented cell-in series design, as illustrated in Figure 1.2 [12]. 
 
  
Seal-less Tubular Segmented Cell-in-Series 
  
Monolithic Flat-Plate 
Figure 1.2 Solid oxide fuel cell (SOFC) designs [12] 
The planar configuration is simple to manufacture and model, but one of its major problems is 
difficulty in sealing the flow fields at the edges of the fuel cell. Compressive, glass, cermet, 
and glass-ceramic seals have been used. Sealing is still a key issue in planar SOFC design, 
because it is difficult to maintain system integrity over the large thermal variation and 
reducing/oxidising environment. 
The second design, and probably the most advanced, is the seal-less tubular concept pioneered 
by Westinghouse (now Siemens-Westinghouse) in 1900s. The major advantage of this design 
is that the difficult high-temperature seals needed for other SOFC designs are eliminated. 
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However, a drawback of this type of tubular design is the more complex and limited range of 
cell fabrication methods [16]. Another drawback is the high internal ohmic losses relative to 
the planar design, due to the in-plane path that electrons must travel along the electrodes to 
and from the cell interconnect. This design can also experience significant losses due to 
limited oxygen transport through the porous (~35% porosity) structural support tube used to 
provide rigidity to the assembly. 
The monolithic and segmented cell-in-series designs are less developed, although 
demonstration units have been constructed and operated. The primary disadvantage of the 
monolithic SOFC design, preventing its continued development, is the complex 
manufacturing process required to build the corrugated system. The main drawbacks of this 
design include the necessity for many high-temperature gas tight seals, relatively high internal 
ohmic losses, and the many segments needed for adequate power output. Consequently, 
because of their comparative advantages, the majority of SOFC research is now focused on 
the seal-less and planar design concepts. 
1.2. Material Issues, Justification and Motivation of SOFC 
Research 
Lowering the operation temperature of SOFCs would bring advantages as discussed above. 
Beside these advantages, SOFC also faces with some difficulties such as CO poisoning [17]. 
Many difficulties with SOFC technology deal with manufacturing issues that lie beyond the 
scope of this dissertation. However, these may be referred to in an excellent text for SOFC 
systems by Nguyen and Takahashi [18]. 
The high operating temperatures of the SOFC requires a long start up duration, since 
commonly used electrolyte conductivity is very low until around 8000C is reached [19]. This 
is a serious limitation, as SOFC are frequently intended for use in the main propulsion system 
in automotive applications. Doshi and Carter [20] have shown the feasibility of low 
temperature SOFC operation at 5000C using doped ceria (CeO2) ceramic electrolytes. Lower 
temperature operations [20] would allow use of cheaper metallic compounds for cell 
interconnections, reduced start-up time, increased reliability and reduced manufacturing costs. 
One of the major challenges in SOFC system design is the component materials, such as the 
cell interconnect and electrodes. Materials are needed that 1) satisfy the basic electrical and 
permeation requirements, and 2) have matched thermal expansion properties of other 
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components, to avoid internal stress concentrations and consequent damage during both 
manufacturing and operation. 
Despite the technical challenges, the SOFC system is a good potential match for many 
applications, including auxiliary power for automotive applications, and stationary 
cogeneration plants. As a result of the potential, continued development of various types of 
SOFC technologies are expected. 
By virtue of advances in the technology of ceramics, SOFCs now clearly show the ability to 
compete with other types of fuel cells. Many efforts are under way to bring the operating 
temperature down to below 8000C from the standard 10000C, while maintaining satisfactory 
performance, i.e., at least 0.2 W/cm2 (competitive with Molten Carbonate Fuel Cells) [20]. 
Besides the challenge of reducing temperature without undue performance losses, the 
challenge of cell scale-up must also be met. Currently, because of the physical properties of 
ceramics (low thermal conductivity), it is difficult to fabricate large-scale cells without the 
risk of mechanical damage in physical impact prone systems like automotive systems. 
Reduced temperature operations favour energy efficiency, provided trial cell reaction kinetics 
remains fast. It also allows wider materials choices for cell components, and decreases 
thermal insulation requirements of cells. However, the cell components’ performance 
decrease during operation is also a serious drawback. The major voltage loss occurs in the 
cell’s electrolyte and electrodes. When the operating temperature falls below 9000C, the 
voltage losses increase abruptly because of the very high electrolyte resistivity at a lower 
temperature. 
The current strategy of reduced-temperature SOFC development tends to follow two 
directions, as shown in [21]. 
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Figure 1.3 Research strategy of reduced-temperature SOFC [22] 
The first direction, reduced-temperature SOFCs, can be developed with available materials 
using thin film cells on self-supporting electrode. The second direction, reduced-temperature 
SOFCs, can be developed with advanced materials of conventional thicknesses on self-
supporting electrode. In the absence of developing new materials, thin-film cell research is 
bound to retain the same level of performance as at 10000C. However, if operating 
temperatures are reduced, electrode polarisation losses must also be reduced to maintain 
desired performance within standard-thickness cells. Therefore, electrode kinetics strongly 
determines electrode design. 
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Overall, the current trends in the development of SOFC technology are focused in two areas: 
• To produce fuel cells capable of operating at high pressures (3 - 10 atmospheres). 
Elevated pressures lead to increased cell voltages and power output for a given 
current [12] 
• To reduce the operating temperature to below 8000C. This provides several 
advantages including wider choices of a cell and ancillary materials, longer cell 
life, reduced thermal stress, and potentially lower manufacturing and operating 
costs. One important feature of reduced-temperature operation for SOFCs is the 
possibility of using low-cost metals for the interconnections [12]. 
Recently, other techniques have also been developed and evaluated for making thin (1–25μm) 
electrolytes for reduced-temperature SOFCs [12]. 
1.3. Objective of Dissertation 
The objective of this work is to develop dense and thin gadolinium doped cerium (10GDC) 
electrolyte films for the purpose of reducing the operating temperature of Solid Oxide Fuel 
Cells (SOFCs). The approach and methodology are described below: 
Thin films (thickness 0.1–5μm) of 10GDC electrolyte are deposited by using reactive RF 
sputtering of 10GDC on stabilised zirconia (10YSZ) substrates, which have pure cubic 
fluorite structure and highest ionic conductivity [22]. The deposition conditions, including 
oxygen partial pressure and RF power are varied to determine optimal conditions for 
obtaining films of best stoichiometry and structure. The deposited films are analysed by 
using: 
• X-ray diffraction (XRD) to determine their crystal structure and texture, 
• Scanning electron microscopy (SEM) to determine surface topography and 
interfacial reactions with the substrate, 
• Rutherford backscattering spectroscopy (RBS) to determine their composition / 
stoichiometry, 
• X-ray photoelectron spectroscopy (XPS) to determine the chemical structure of the 
surface. 
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After this optimisation, a few selected samples are prepared to measure their electrical and 
ionic conductivities. 
Some thin films cells are fabricated by depositing the thin film electrolyte on cermet anode 
substrates. Cathode materials (strontium doped lanthanum manganite) are deposited by RF 
sputtering. These cells are tested at different temperatures ranging from 500–7000C. The fuel 
of choice in this application is methanol [5] rather than hydrogen. Hydrogen [5] is currently 
expensive to produce, store and deliver. Therefore, methanol fuels are realistic choice in the 
SOFC. In additions, Ceramic Fuel Cells Limited (CFCL) designed a rig for testing fuel cells 
with methanol. 
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Chapter 2. Literature Review 
This chapter presents a detailed summary of the literature pertinent to this work. A description 
of the fundamental operation of SOFCs (solid oxide fuel cells) with an emphasis on the 
electrolytes and electrodes for low (600–8000C) temperature operations is presented. 
Materials for cell components will be listed in this chapter. Options for fuel cell designs and 
there relative efficiencies are also covered in this chapter. 
2.1. Operating Principles and Characteristics of SOFCs 
Information on fuel cell types and technologies have been provided by numerous books 
published in the last decade [1-4]. Useful historical surveys have been provided by Kordesch 
[5] and Appleby [6]. Summaries of the current technological and commercial status of fuel 
cells are provided in the Fuel Cell Handbook issued by the U.S. Department of Energy, 
Proceedings of the Grove Fuel Cell Symposium [7], and the Fuel Cells Bulletin. Much useful 
information can also be downloaded from a variety of internet sites (e.g., 
www.fuelcelltoday.com and links therein). 
The principles of fuel cell operations were first reported by Sir William Grove in 1839 [8]. 
His fuel cell used dilute sulphuric acid as the electrolyte and operated at room temperature. 
Ceramic fuel cells were introduced much later, beginning with Nernst’s discovery of solid-
oxide electrolytes in 1899 [9] and the operation of the first ceramic fuel cell at 10000C by 
Baur and Preis in 1937 [10]. Since that time, ceramic fuel cell technology has made excellent 
technical progress. Multi-kilowatt fuel cells, based on stabilised zirconia electrolyte have been 
operated for thousands of hours and have shown excellent performance. Recently, ceramic 
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fuel cell research and development has received much attention, reflecting widening interests 
in this technology [11]. 
Fuel cells are very similar to batteries, using similar principles with one important difference. 
In battery technology, the reactant products are often the electrode materials themselves and 
are of mixed molar quantities. In fuel cells, the reactants and products are continuously 
replenished. 
SOFCs are ceramic devices. They consist of three major components, the anode, cathode and 
electrolyte as shown in Figure 2.1. 
                        
CO, H2 Fuel in
H2
Hydrocarbon
Fuels
Depleted fuel
Oxidant in
Depleted oxidant
O2
H2O O2
Anion
conductor
Electrolyte
(Ionic conductor)
Anode Cathode
e
CO2
 
Figure 2.1 Schematic diagram of the operating principle of a fuel cell [12] 
The solid electrolyte is normally an oxygen ion conductor. Fuel is fed into the anode where it 
is oxidised, and electrons are released to the external circuits. Oxidant (e.g., oxygen) is fed to 
the cathode where it is reduced and electrons are accepted from the external circuit. Oxygen 
molecules transform into oxygen ions via cathode processes. After travelling through the 
electrolyte, oxygen ions react with hydrogen to form water. The overall process of the 
reaction is given below: 
Cathode: 21 22 2O e O
−+ → −  (2.1) 
Anode:  (2.2) −− +→+ eOHOH 2222
Cell: OHOH 22212 →+  (2.3) 
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Other fuel examples include: 
 2221 COOCO →+  (2.4) 
 2224 22 COOHOCH +→+   
The enthalpy (ΔH) of a reaction at a temperature T can be expressed as: 
 ΔH = ΔG + TΔS (2.5) 
where ΔG is the free energy and ΔS is the entropy. The free energy ΔG (2.2) and (2.4) can be 
converted into the electrochemical potential (E0) across a fuel cell by the following equation: 
 E0 = –ΔG/nF (2.6) 
where ΔG = –RT lnK [13] (2.7) 
Where n is the number of electrons participating in the reaction and F is the Faraday constant 
(96520C/g equivalent), R is ideal gas constant (8.314 J/mol-K), T is temperature (Kelvin), K 
is equilibrium constant, and ln is natural logarithm. The theoretical efficiency can be 
calculated from the ratio of ΔG and ΔH [3]: 
 Efficiency = ΔG/ΔH 
As seen in Figure 2.2, the theoretical efficiency of a fuel cell increases with decreasing 
temperature, due to less waste energy (TΔS), whereas the theoretical efficiency of a Carnot 
cycle decreases with decreasing temperature. Fuel cell efficiencies are normally higher than 
70% when used at temperatures less than 10000C. 
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Figure 2.2 Comparison of hydrogen oxygen fuel cell efficiency against Carnot cycle efficiency [14] 
Due to the difference in the partial pressure of oxygen across the anode and cathode sides, the 
electrochemical potential E0 across the cell at zero current flow can be further expressed using 
Nernst’s equation: 
 
a
c
P
P
nF
RTnFGE ln/0 =Δ−=  (2.8) 
Where R is the gas constant (8.314J/mole K), Pc is the P(O2) the oxygen partial pressure at the 
cathode side. Pc is 0.21 atm for air and 1 atm for pure oxygen. Pa is the P(H2) the hydrogen 
partial pressure at the anode side. On the anode side, hydrogen is normally fed at room 
temperature. Panode is calculated from the equilibrium of H2O⇋ H2 + ½O2 system. The 
equilibrium constant, K of this system is 
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Typical E0 values are 1.099V at 8000C and 1.133V at 6000C when air and hydrogen are used 
as the oxidant and fuel. 
E0 is also known as the open circuit voltage (OCV), which is the voltage of an operating cell 
(E) at zero current density, as seen in Figure 2.3. When a fuel cell is loaded current starts to 
flow through the electrolyte and the electrodes. The losses from cell resistance (R) and 
overpotential (ηanode, ηcathode) starts to decrease the cell voltage according the following 
equation [11]: 
 E = E0 – IR – ηanode – ηcathode (2.12) 
where R is the ohmic resistance of the whole cell components, including the electrolyte, the 
electrodes, and current collector. I is the cell current. Due to low conductivity, the electrolyte 
resistance normally dominates the value of R, especially at low temperatures. Electrode ohmic 
losses and current collection losses are normally a small portion of R. 
Unlike ohmic losses which increase linearly with increasing current density, the anode and 
cathode overpotential, ηanode and ηcathode, have nonlinear relations with current density. 
Overpotential generally increases linearly with current at low currents. This region is related 
to some activation processes. Overpotential generally shows little increase with increasing 
current at intermediate currents. At extremely high currents, overpotential can increase 
dramatically with little increase in the current. This is because of limited capability for 
transporting reactants and/ or products through the electrode [11]. 
Because the device operation is isothermal, efficiencies are not limited by Carnot Cycle 
thermal dynamic principles. The overall performance and efficiency are limited by ohmic 
resistance such as the electrolyte resistance as well as non-ohmic losses such as electrode 
polarisation. The current-voltage relationship for a typical fuel cell is given in Figure 2.3, 
which includes examples of typical resistive processes. Activation polarisation includes 
processes such as adsorption-desorption on the surface of the electrolyte. Concentration 
polarisation occurs either due to diffusion mass transfer limitations within the electrode or due 
to severe depletion of the fuel gas [15]. 
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Figure 2.3 Typical current-voltage curve of a SOFC [36] 
2.1.1. Principal Advantages of SOFCs 
In addition to those common to all fuel cells, there are several features of SOFCs that make 
them very attractive for utility and industrial applications, for example, high conversion 
efficiency combined with low emission of pollutants. Solid oxide systems have reached up to 
86% conversion efficiency of the theoretical voltage open circuit [16]. 
For high temperatures, fuel cells up to 70% of the fuel energy can be converted into 
electricity, and their efficiency is largely independent of size [16]. They are a low noise and 
low chemical polluting technology. Fuel cells are modular in construction and therefore can 
be made of any size to suit load requirements. Thus, they are ideal for dispersed power 
generation at load centres, avoiding efficiency losses in transmission or distribution (which is 
usually 8–10%) and facilitating more effective management of resources by the end user. 
Lowering the operating temperatures of SOFCs can also reduce the manufacturing cost. 
2.1.2. Principal Disadvantages of SOFCs 
The major disadvantage of SOFCs is their relatively high capital cost. Indeed, much of the 
research currently underway seeks to develop cells which are not only efficient but which are 
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cost effective. Designs are sought which will be inexpensive to produce, using low cost 
material inputs and manufacturing techniques. 
Although the industry has, at least temporarily, settled on materials for electrodes, electrolyte 
and interconnects, research continues on optimising these materials [16]. Ultimately, new 
materials will probably be developed, with improved performance and lower cost such as 
lower temperatures, reduces material interactions, increase electrical efficiency, and expand 
the range of materials, which can be used for manifolds, gaskets, etc. This explains the reason 
why research is directed very much towards developing cost effective designs and low cost 
manufacturing techniques. 
2.2. Low Temperature SOFCs 
Lowering the operating temperature of SOFCs can reduce material problems and allow many 
options for cell components, especially stacking materials [17]. Total fuel cell costs can thus 
be reduced if cheaper materials can be used. While gas-sealing technology for high-
temperature SOFCs using ceramic materials is still being researched, low temperature 
plumbing can possibly be overcome using metal tubulation and soldering/brazing. For 
interconnects, the material used for high temperature SOFCs is typically LaCrO3 ceramic that 
is expensive, difficult to form, and brittle [3]. At lower temperatures, heat-resisting alloys, 
which are relatively inexpensive and allow machining, can be used. These features should 
make stacking low-temperature SOFCs less technologically challenging, while likely 
reducing the fabrication and materials costs. This may make low-temperature SOFCs 
preferable to high-temperature SOFCs even for stationary applications. 
High (900–10000C) temperature SOFCs normally exhibit low heat-resisting losses due to the 
high electrolyte conductivity and electrode reaction rates. However, materials used at high 
temperatures have to meet strict requirements. Limited materials can be used for high 
temperature SOFCs and they are generally expensive and hard to fabricate. Besides, at high 
temperatures, materials have fast diffusion rates, leading to structure change and unwanted 
reactions between components. For example, it is suggested that LSM cathodes and YSZ 
electrolytes might react at interfaces to form high resistivity lanthanum zirconate phases [18], 
causing cell performance degradation. 
In addition to the advantages discussed above, lowering the operating temperature also 
provides higher theoretical efficiencies. As can be seen in Figure 2.2 above, the SOFC 
Chapter 2 Literature Review Page 21 
 
 
efficiency is <70% at 10000C. However, when temperatures decrease to 600–8000C, the 
efficiency can be increased to 80%. 
Using hydrocarbon directly as fuel is always the advantage of SOFCs because of possible 
internal reforming at elevated temperatures. Fuel cells, such as PEMFCs, operated near room 
temperatures can only utilise pure hydrogen and have little tolerance of CO, a major product 
of hydrocarbon after reforming, although the internal reforming in SOFCs is attractive. Ni 
used in typical NiO-YSZ anodes is susceptible to carbon depositions, which degrade the cell 
performance [19]. A recent study suggests that the reforming process has less tendency for 
carbon deposition at low temperatures (400–6000C) than at higher temperatures [20]. 
Theoretical fuel efficiencies with methane are also about 20–30% higher at 6000C than at 
800–10000C [3, 19]. From the above arguments, it has been shown that low operating 
temperatures facilitate lower manufacturing and operating costs, enable the use of 
hydrocarbon fuels, yield greater potential efficiencies, and result in more durable SOFCs. 
However, the major disadvantage is the much-reduced cell performance if the conventional 
SOFC design in still used. Therefore, new concepts for low temperature SOFCs are needed to 
reduce both electrolyte and electrode losses. Electrolytes and electrodes for low temperatures 
SOFCs will be discussed in the following sections. 
2.3. Electrolyte Material Selection 
The choice of the electrolyte materials is important because it affects the choice of the other 
cell parts as well as the overall design. The main function of the SOFC electrolyte is to 
transfer ions between the anode and cathode. The electrolyte carries the ions produced at one 
electrode to the other electrode to balance the charge from the electron flow and complete the 
electrical circuit in the fuel cell. The electrolyte also separates the fuel from the oxidant in the 
fuel cell. Thus, the electrolyte material must be stable in both reducing and oxidising 
environments, impermeable to the reacting gases, and sufficiently conductive (ionically) 
under operating conditions. Since, the SOFC operates at high temperatures (6000C–10000C), 
the electrolyte must be chemically and thermally compatible with the other cell components. 
Candidate materials for SOFC electrolytes should possess the following key characteristics: 
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• Thermal dynamic stability from room temperature to working temperature 
• Stability in both reducing and oxidizing atmospheres at the working temperature 
• High ionic conductivity 
• Low electronic conductivity. 
In addition to the properties above, the followings are also important: 
• Sufficient mechanical strength 
• Chemical compatibility between electrode materials 
• Matching of the thermal expansion coefficient with electrode materials 
• Low costs of raw materials, fabrication and assembly, and end-of-life disposal 
• Low toxicity 
• Sufficient quantity of natural resources. 
Mainly two candidates were considered, yttria-stabilised zirconia (YSZ) and doped (CeO2). 
Nowadays the most frequently used electrolyte material is zirconia (ZrO2), especially YSZ is 
the most common electrolyte in SOFCs because the material possesses an adequate level of 
oxygen-ion conductivity and exhibits desirable stability in both oxidising and reducing 
atmospheres. A seminal study of the properties of stabilised zirconia was published by Huer 
and Hobbs in 1984 [21-23]. Since its ionic conductivity is too low, ZrO2 does not serve as a 
good electrolyte in its pure form [24]. 
YSZ is used in the form of polycrystalline thin films or layers. The resistivity of 
polycrystalline ceramics depends on micro-structures, especially grain boundaries of the 
samples [25-27]. 
Among the known oxygen n-ion conductors, stabilised bismuth oxide (Bi2O3) shows the 
highest conductivity, ranging from 10-2Ω-1cm-1 at 5000C to 10-1Ω-1cm-1 at 7000C [28] . 
Therefore, Bi2O3 offers the possibility of its use as an electrolyte in SOFCs operated at lower 
temperature (<10000C). The main drawback of this material is its smaller oxygen partial 
pressure range of ionic conduction. Stabilised Bi2O3 is easily reduced under low oxygen 
partial pressure of about 10-13 atm (10-8Pa) at 6000C [29]. Therefore, practical use of stabilised 
Bi2O3 as SOFC electrolyte is questionable. 
Similar to ZrO2, ceria doped with CaO, Y2O3, and various rare-earth oxides are excellent 
oxygen-ion conductors [30]. Doped CeO2 shows a higher conductivity and lower conduction 
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activation energy when compared to stabilise ZrO2. However, the material undergoes a large 
departure from stoichiometry at elevated temperatures in a reducing atmosphere with 
accompanying electronic conductivity. Thus, the electronic conductivity of doped CeO2 must 
be minimised under reducing conditions if CeO2 is to be useful SOFC electrolyte. 
Gadolinia doped ceria (GDC) has been extensively studied as an alternative to YSZ [31-34]. 
GDC has shown higher ionic electricity at lower temperature and good stability with other 
components than YSZ at temperature range from 600–8000C [15, 35, 36]. The conductivity of 
Ce0.8Gd0.2O1.9 is 1.2×10-2S/cm at 8000C and 3.7×10-3S/cm at 6000C [37]. 
Pure CeO2 has a fluorite crystal structure capable of conducting oxygen ions through a 
vacancy transport mechanism at elevated temperatures (~6000C–9000C). However, the ionic 
conductivity of un-doped ceria is quite poor, around 3.0×10-4 (Ωcm-1) [38]. Typically, 
trivalent dopants such as lanthanide elements or divalent alkaline elements are added to 
promote oxygen transport. Doping CeO2 with cations promotes the formation of vacancies 
through the reactions [15]. 
  (2.13) ··00
'2
32 322 VOLOL Ce
CeO ++⎯⎯ →⎯
  (2.14) ··00
''2 VOMMO CeCeO ++⎯⎯ →⎯
The ionic conductivity of ceria increases with increasing dopant concentration to the 
solubility limit for that dopant or until defect-defect interactions retard migration of oxygen 
vacancies. An example of a solubility limit occurs in SrO doped CeO2 where the maximum in 
ionic conductivity is achieved at a doping level of ~8–10 mole% SrO [39]. Beyond this level, 
a non-oxygen ion conducting perovskite phase generates SrCeO3. This second phase 
precipitates selectively at the grain boundary triple points resulting in decreased conduction. 
This is of particular concern in long-term operations. In the case of CaO doped CeO2 
however, the corresponding perovskite phase CaCeO3 is not stable, and therefore the 
conductivity is less sensitive to the solid solubility limits [40]. 
A survey of the literature shows a wide variety of dopants used for improving the ionic 
conductivity of CeO2 in air. Those especially doped with Gd3+, Sm3+ and Y3+ exhibited the 
highest conductivity [33, 41, 42]. Table 2.1 summarises some of the typical dopants. 
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Table 2.1 Conductivity of doped CeO2 at 8000C 
Material ionic species Total conductivity at 
8000C (Ωcm-1) 
Effective atomic radius 
of dopant for 
coordination  
Reference 
CeO2, 99.9% pure 0.0003 1.11 [31, 43-45] 
Ce-3 - 1.28 [46] 
ZrO2 + 8% Y2O3 0.031 - [44] 
Ce0.8 Ca0.2O2 0.07 ± 0.02 1.26 [40, 45, 47] 
Ce0.8Sr0.2O2 0.05 ± 0.01 1.40 [47, 48] 
Ce0.8Ba0.2O2 0.001 1.56 [48] 
Ce0.8Mg0.2O2 0.0009 1.03 [48] 
Ce0.8Sm0.2O2 0.095 1.22 [44] 
Ce0.8Dy0.2O2 0.077 1.17 [44] 
Ce0.8Ho0.2O2 0.064 1.16 [44] 
Ce0.8Nd0.2O2 0.059 1.25 [44] 
Ce0.8Er0.2O2 0.057 1.14 [44] 
Ce0.8Yb0.2O2 0.056 1.16 [44] 
Ce0.8 Gd0.2O2 0.055 1.19 [44] 
Ce0.8La0.2O2 0.042 1.30 [44] 
Ce0.8Y0.2O2  0.050 1.16 [49] 
Pr-3  1.27 1.27 [46] 
Pr-4 1.10 1.10 [46] 
Eu-3 1.26 1.26 [46] 
Eu+2  1.39 1.39 [46] 
 
Development of other materials, especially those possessing sufficient ionic conductivities at 
low temperatures (600–8000C) have attracted much interest recently. Several doped 
perovskite such as BaCe0.9Gd0.1O3, CaAl0.7Ti0.3O3, and SrZr0.9Sc0.1O3 have been considered 
for SOFC electrolytes. 
Chapter 2 Literature Review Page 25 
 
 
Lanthanum gallate, studied by Ishihara [27], has been shown to have the second highest ionic 
conductivity among different oxide ion conductors. Although its conductivity is just below 
that of 20 mole% Y2O3 stabilised Bi2O3 (YSB), it is stable under typical fuel environments 
where YSB is reduced. Fuel cells made within 0.5mm thick lanthanum gallate showed 0.930 
W/cm2 at 10000C. This might be limited either by the thick electrolytes or by the electrodes. 
Figure 2.4 shows conductivities for selected electrolyte materials as a function of reciprocal 
temperature. 
 
Figure 2.4 Conductivities of selected electrolyte materials as a function of inverse temperature [76] 
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2.3.1. Thin Film Electrolytes 
For reducing electrolytes losses, many groups have recently developed SOFCs at medium 
operating temperatures (700–8000C) using thin-film (≤10μm) YSZ electrolytes [50-54]. These 
high performance thin-film SOFCs (TF-SOFCs) have been prepared using a tape calendering 
[51] and variations on a sol-gel process where the thin YSZ film is formed by spin or dip 
coating followed by high-temperature sintering (≥13000C) [52]. Electrochemical vapour 
deposition was developed to deposit dense electrolytes on porous substrates and has been 
extensively used in Westinghouse’s tubular SOFCs [55]. Although this method is good for 
depositing dense electrolytes, its high cost and processing temperatures (up to 13500C) 
prevents it from being used in a practical way. Reactive sputtering has been used for YSZ 
electrolyte depositions at high growth rates (>2μm/hr) [56]. One unique feature of this method 
is that no high-temperature (>5000C) step is necessary. This allows the utilisation of materials 
that are not stable at high processing temperatures and possible mass production. 
At 700–8000C, thin film YSZ electrolytes provide low ohmic losses and therefore there is no 
need to consider other electrolytes. For lower operating temperatures, however, YSZ 
conductivity is insufficient and other thin-film electrolytes with higher conductivities should 
be considered. This can be seen in Figure 2.4 which shows the area-specific resistances of 
5μm-thick electrolytes versus. Tc based on a target value for the overall SOFC is 0.5Ωcm2 
(this would correspond to a maximum power of ≈ 0.5 W/cm2), and the electrolyte ohmic 
resistance portion should be less than 0.2Ωcm2. Figure 2.4 show that  a YSZ electrolyte would 
create an unacceptably large loss for Tc < 6000C. YSZ electrolyte thicknesses of ≈ 1μm would 
provide sufficiently low resistances, but it is questionable whether such thin electrolytes can 
be reliably prepared and operated in SOFCs. Fig 2.4 also shows that ohmic losses would be 
negligible at Tc = 4500C for Gd-doped CeO2 (GDC) [57], Sc-stabilised ZrO2, 
Ba(Ce0.8Gd0.2)O3 [58], and (La0.8Sr0.2)(Ga0.8Mg0.2)O3. 
2.4. Electrodes Materials 
The overall fuel cell reaction in (2.3) can be divided into two half-cell reactions. On the anode 
side, fuel (H2, CO, and hydrocarbons) is oxidised by the oxygen ions from the electrolyte. The 
anode half-cell reaction is 
 2Oox + 2H2 = 2H2O + 4e- + 2Vooo  (2.15) 
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where Vooo is oxygen vacancies. 
On the cathode side, the oxygen molecules are reduced to oxygen ions through the cathode 
half-cell reaction: 
 O2 + 4e- + 2Vooo = 2 Oox (2.16) 
Typically, these half-cell reactions can be further divided into many basic steps: 
• gas phase diffusion 
• absorption 
• surface diffusion to reaction sites 
• charge transfer. 
In typical NiO-YSZ anodes, Ni conducts electrons, YSZ conducts ions, and pores allow gases 
to vent [59]. The anode reaction primarily occurs on both electrolyte and electrode materials 
near the three phase boundary (TPB) (electrode, electrolyte, and gas phases). The effective 
zone around the TPB has been reported with a width smaller than 1μm on the Ni surface [54]. 
Mixed conductors can alternate electrons and ions simultaneously. If used in electrodes, the 
surface of the mixed conductor can be the reaction sites. These reaction sites are two-phase 
surfaces where the two phases are the mixed conductor and gas phases. Low interfacial 
resistance is thus expected for the electrodes containing mixed conductors because of the 
larger reaction area. 
2.4.1. Anodes 
The anode is porous. The main functions of the porous anode are to provide electrochemical 
reaction sites for oxidation of the fuel, to allow the fuel and by-products to be delivered and 
removed from surface sites, and to provide a path for electrons to be transported from the 
electrolyte/anode reaction sites to the interconnect [60]. Therefore, metal can be used as an 
SOFC anode material and it must be non-oxidised at cell’s fuel inlet and cell’s fuel outlet. 
Suitable metals are mainly limited to nickel, cobalt and noble metals, although Nickel-Yttria-
Zirconia cermet is the most commonly used for SOFC’s anode because of its low cost. 
The electrical conductivity of NiO-YSZ cermet is strongly dependent on its Ni content. The 
conductivity of the cermet as a function of nickel content shows the S-shaped curve predicted 
Chapter 2 Literature Review Page 28 
 
 
by percolation theory [61, 62]. The conductivity of the cermet is also dependent on its 
microstructure (support surface area). 
Since Ni has a higher thermal expansion coefficient than YSZ (10.5×10-6 cm/cm K) of 30 
volume % of Ni, there are concerns about thermal expansion mismatch between the anode and 
the electrolyte. A significant degree of mismatch between the thermal expansion coefficients 
of the SOFC components can result in large stresses, causing cracking or delamination during 
fabrication or operation. 
Cobalt is another suitable SOFC anode material since the metal can withstand the fuel 
environment and remains non-oxidised. Cobalt/stabilised ZrO2 cermet anodes have been used 
in SOFCs. Compared with nickel, cobalt has the advantage of high sulphur tolerance; 
however, cobalt is not commonly used because of its high cost. 
Recently, ruthenium/stabilised ZrO2 cermets have been tested as SOFC anodes [63]. 
Ruthenium has the advantages of better resistance to sintering and higher reforming activity. 
In addition, Ru-SDC exhibits the lowest interfacial resistance at 8000C compared with other 
metal catalysts (Pd, Pt, Rh, Pd, Ir, and Ni) in metal-SDC anodes [64]. Ru is also less 
susceptible to carbon deposition when hydrocarbon fuels are used. However, its high cost 
prevents it from replacing Ni extensively. 
Some oxide materials with good mixed conductivities and catalytic properties have been used 
as bulk electrodes; such as bulk Ti doped YSZ anodes [65], or mixed with metals, primarily 
Ni, to form cermet anodes, such as Ni-ceria [64]. Therefore, the roles of these oxides are the 
promotion of anodic reaction due to ease of redox reaction and collection of current due to 
high electronic conductivity. 
Among new anode materials and structures, there are only few reports about low temperature 
(<8000C) operation. For most low temperature SOFCs, NiO-YSZ is still the most commonly 
used anode material. The NiO-YSZ performance at low temperature is not quantified in most 
studies. It is possible that NiO-YSZ anodes might limit the cell performance at low 
temperatures. Reducing NiO-YSZ interfacial resistances is thus important for low temperature 
SOFCs. 
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2.4.2. Cathodes 
The main function of the cathode is to provide reaction sites for the electrochemical reduction 
of the oxidant [66]. 
Early stage SOFCs used tin-doped indium oxide (In2O3) as the cathode material. This material 
gives excellent electrical conductivity[66]. However, In2O3 is the most costly and least 
thermodynamically stable component in the SOFC. Therefore, In2O3 has been replaced by 
other materials. 
Noble metals or electronic conducting oxides have been used as cathode materials. Noble 
metals, such as platinum, palladium, or silver are unsuitable for practical cathode material 
because of prohibitive cost. Doped oxides and mixed oxides have been investigated [67, 68]. 
The disadvantages of most of these materials include thermal expansion mismatching, 
incompatibility with the electrolyte, and lack of conductivity. At present, doped lanthanum 
manganite (LaMO3) (M = Co, Mn, Fe) is most commonly used. 
The thermal expansion coefficient of LaMnO3 is about 11.2×10-6 cm /(cm K) [69]. Doped 
lanthanum cobaltite (LaCoO3) is another cathode material of research interest [70-72]. 
LaCoO3 has higher electrical conductivity than LaMnO3. However, they have been reported 
that LaCoO3 has different characteristic with LaMnO3 [73]. LaCoO3 phase is much less stable 
against reduction compared with LaMnO3. The thermal expansion coefficient of LaCoO3 is 
less than that for LaMnO3 [73]. In addition to this, Strontium (Sr) is normally used to substitute 
A-site La to increase the conductivity. In La1-xSrxMnO3 (LSM) systems, the highest 
conductivity is obtained at 0.3 < x < 0.7 [74]. However, the thermal expansion coefficient 
increases with increasing Sr contents. La1-xSrxMnO3 (LSM) cathodes with x ≈ 0.2 to 0.3 are 
typical cathodes because of high electronic conductivity, good catalytic property, and 
appropriate thermal expansion match with YSZ. Low ionic conductivity and reactivity with 
YSZ at elevated temperatures are problems with La1-xSrxMnO3 (LSM). Due to low ionic 
conductivity, the charge transfer process can only occur at TPB. This normally leads to large 
interfacial resistances at low temperatures. The reaction between LSM and YSZ forms highly 
resistive lanthanum zirconate phases and deactivates the effective TPB [75, 76]. To avoid this 
reaction, the processing temperature should be <12000C, or A-site deficient LSM should be 
used [77]. 
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Under low temperature operation, LSM cathodes normally give a substantial contribution to 
the cell losses. Ivers et al. [78] have reported that LSM has the smallest contribution to the 
overall cell losses at 9500C but becomes the largest contributor when the operating 
temperature drops to 8200C. Optimising its structure, Sasaki [77] has enhanced LSM cathode 
performance by mixing YSZ to form more TPB. However, these studies were for operating 
temperature > 8000C. It is still questionable whether these modified LSM cathodes can be 
used at temperatures lower than 8000C. Materials with mixed conductivity have been 
considered, such as (La, Sr) Co3 and (La, Sr)(Co, Fe) O3 for low operating temperatures. 
(La, Sr)Co3 (LSC) and (La,Sr)(Co,Fe)O3 (LSCF) are electron and oxygen ion mixed 
conductors. The electrode reactions can occur on the surface of these materials. In addition, 
these materials have high oxygen surface exchange coefficients, which reduce the over 
potentials for oxygen reduction [79]. However, they might react with YSZ to form high 
resistivity phases (La2Zr2O7) [80]. Moreover, their thermal expansion coefficients (αLSC > 
20×10-6 / 0C and αLSCF ≈ 15×10-6 / 0C) match poorly with YSZ (αYSZ ≈ 10×10-6 / 0C). These 
cathode materials seem to match better with ceria-based electrolytes (αceria ≈ 13×10-6 / 0C) and 
they will not react with ceria. Good performance has been reported for these cathodes on 
doped-ceria electrolytes at low temperatures [81, 82]. 
Ag, which has a melting point lower than conventional cell operating temperature (10000C), 
has been considered as the low temperature cathodes [83]. Ag has a high conductivity and 
good catalytic property for oxygen reduction. However, Ag tends to sinter even at low 
temperatures (~6000C). Mixing Ag with YSZ to form Ag-YSZ cathodes thus stabilises the Ag 
and also produces three-phase boundary, which lead to lower interfacial resistance [84]. 
Similar results have found with Ag-LSC [83]. 
The most popular cathode material for a SOFC is Sr-doped Lanthanum Manganite, La1-
xSrxMnO3. Lanthanum has been used as a most effective A site cation to form a stable 
perovskite structure (ABO3) due to its appropriate electrostatic potential and ionic radius. The 
use of Gd and Pr has been also proposed by Japanese researchers Yamamoto and Matsuda 
[85, 86]. 
2.5. Fuel Options for Fuel Cells 
Various fuel cells have compatible alternative fuels which may be used based on economic, 
environmental, and infrastructure impact that they would have on its own use [87]. Fuel 
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requirements vary depending on the type and size of fuel cells. Most low and medium 
temperature (<2000C) fuel cells require pure hydrogen as the fuel. Alkaline and solid polymer 
electrolyte fuel cells are easily poisoned by carbon monoxide. 
Fuel cells can use different types of fuel sources such as biogas, biomass, natural gas, 
gasoline, coal, methanol, ethanol, hydrogen. Methanol and hydrogen can be produced from 
biomass via gasification. Natural gas, hydrogen, coal-based methanol, and natural gas-based 
methanol are the main sources of fuel for fuel cells because they are derived from the only 
plentiful energy feedstock. 
Methanol is a very versatile fuel because it can be produced from various feedstocks, 
including natural gas, coal, and various biomass sources [88]. 
Natural gas can be used as a transportation fuel, mostly in the form of compressed natural gas. 
It is an excellent fuel but suffers from low storage energy density compared to liquid fuels, 
and requires relatively high temperatures in fuel cell fuel processors [87]. Natural gas 
resource is estimated to be ~1.3×106 trillion BTU. 
Coal becomes a desirable feedstock for alternative fuel. Especially with the Integrated 
Gasification Combined Cycle (IGCC) power generation could produce hydrogen, methanol at 
a lower price than natural gas [87] but additional cleaning process steps are needed before the 
gas pass down to other application e.g., in SOFC’s application the gas cleaning should bring 
the concentration of trace impurities e.g. S, As, Se to be less than 0.1, <5ppbv and 0.2ppmv, 
respectively [89]. Shift catalyst and molten carbonate fuel cells (MCFC) have slightly 
different limits. They require S, As, Se to be 0.1ppmv, 5ppbv, 0.2ppmv respectively [90]. 
Overall, pure hydrogen, methane, carbon monoxide can be used as fuel for fuel cells but the 
choice of fuel will ultimately be determined by fuel cell application price structure and fuel 
availability. SOFCs can use gases other than pure hydrogen (e.g., coal gas and natural gas) as 
the fuel depending on the source of the gases and the cleanup process. 
2.6. Efficiency 
Fuel cells are not restricted by the Carnot cycle efficiency limits and, provided internal cell 
losses are minimised, they should have a clear efficiency advantage over current power 
generation technologies. Figure 2.5 shows a plot comparing electric efficiencies of different 
power generation technologies as a function of power plant capacity. Fuel cells, in particular 
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second (MCFC) and third (SOFC) generation fuel cells with internal fuel reforming, promise 
to become the most efficient power generation systems [91]. 
                         
Figure 2.5 Comparison of fuel / electric efficiencies of various power generation technologies [92] 
2.7. Justification of the Choice of Materials for this 
Dissertation 
The most common materials for the SOFC are oxide ion conducting YSZ for the electrolyte, 
LSM for the cathode, NiO-YSZ for the anode. From the previous section 2.3 and 2.3.1, 
10GDC will be used as an electrolyte for this study because it is beneficial for several reasons. 
First, it has a fluorite structure and becomes a mixed conductor in reducing fuel environment, 
a condition which should expand the reaction zone beyond three-phase boundaries. Second, 
the ionic conductivity of ceria is higher than YSZ, which improves the transport of oxygen 
ions from the electrolyte to the anode. Third, ceria is known to readily store and transfer 
oxygen [93] and can be an alternative option for electrolyte, when doping with 10 mole% of 
Gd which exhibited the highest conductivity [94]. 
Base on the characters of cathode and anode materials in sections 2.4.1 and 2.4.2, LSM and 
NiO-YSZ will be used as cathode and anode respectively. 
2.8. Summary of Literature Review 
Solid oxide fuel cells consist of anode, cathode and electrolytes. Oxidation process occurs at 
the anode and reduction process occurs at the cathode. SOFCs have been operated at high 
temperature (>1000oC) which end up with high operating cost. Therefore, it is necessary to 
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lower the operating temperature of SOFC to reduce material costs and increase higher 
efficiencies (>80%). 
In order to reduce the operating temperature of SOFCs, materials for cathode, anode and 
electrolyte should be considered. 10GDC has been studied as an alternative to YSZ as a 
material for electrolyte because it has higher oxygen conductivity than YSZ. 
NiO-YSZ has been used as anode material. Cobalt, ruthenium stabilised ZrO2 cermets have 
been used as alternative materials for anode but are typically too costly for practical use. 
Therefore, NiO-YSZ is still the most commonly used anode material. 
Doped lanthanum manganite (LaMnO3) is also commonly used. The most popular cathode 
material for SOFC is Sr-doped lanthanum manganite. 
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Chapter 3. Sputtering Techniques for 
Thin Film Depositions 
3.1. Introduction 
Several deposition methods are available for producing thin electrolyte films. Techniques 
include physical vapour deposition (PVD) [1], evaporative processes, RF and DC magnetron 
sputtering, plasma spraying [1], calendar rolling, transfer printing, screen printing, chemical 
vapour deposition (CVD), electrochemical vapour deposition (EVD), and spray pyrolysis. As 
usual, the nature of the scientific and technical objectives, the quantity required and 
availability of material resources, equipment and expertise, and the arrangements of economic 
constraints bear on the particular techniques employed. This chapter introduces RF and DC 
magnetron sputtering as the deposition techniques selected for fabricating the thin 10GDC 
films used within this project. 
Sputtering is an atom-by-atom deposition process and, as such, is considered a very reliable 
technique [1, 2]. It provides the particularly useful capability of depositing metals and 
compounds onto cool and warm substrates at specific rates [1]. It also has the advantage of 
producing thin, pure and dense films compared to other deposition techniques such as CVD 
and EVD [1]. These advantages were considered important for this project. 
Sputtering is a widely used technique in thin-film processing. Even quite complex compound 
films may be deposited with this technique. Such films may be sputtered from alloy targets, 
co-sputtered from different sources, or may be reactively sputter deposited [3]. Sputtering is a 
process whereby atoms and ions of argon or other gases from plasma bombard a target and 
dislodge (sputter) atoms from the target by momentum transfer [2]. Sputtered atoms travel to 
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the substrate where they are deposited. DC, RF power, and magnetic plasma confinement 
(magnetrons) may be employed to sustain the plasma delivered from each source. 
Reactive RF sputtering in Ar/O2 plasma was selected as the principal 10GDC film deposition 
technique employed within the course of this study. The RF method has gained an excellent 
reputation for providing excellent uniformity, high conductivity and high transparency [1]. 
The RF field ensures that sputtering of non-conductive materials can also be achieved at a 
practical rate. Parameters known to influence 10GDC thin film quality include sputtering 
pressure, pre-conditioning, film thickness and RF power amongst others [4]. The details of 
this technique are discussed below. 
3.1.1. RF Reactive Sputtering 
Physically, RF sputtering systems resemble DC sputtering systems. The difference between a 
DC and an RF sputtering system is that the latter requires an impedance-matching network 
between the power supply and the discharge chamber whereas the former does not. 
RF sputtering is applicable for insulator target materials. RF sputtering operates because the target is self-biased 
to a negative potential.  
Figure 3.1 shows an overview of the RF sputtering technique. 
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Figure 3.1 Schematic diagram of RF sputtering process [1] 
A sputtering system consists of an evacuated chamber, a target (cathode) and a substrate 
(anode). The electric field inside a sputtering chamber accelerates electrons which collide 
with Ar+ ions and more electrons creating a characteristic purple / blue plasma. These charged 
particles are then accelerated by the electrical field. The electrons travel toward the anode and 
the Ar+ ions travel toward the cathode target. When an ion approaches the target, the physical 
process may occur as follows: 
• It may undergo elastic collision and be reflected 
• It may undergo elastic collision and become buried within the target 
• It may produce structural rearrangement within the target material 
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The impact may set up a series of collisions between atoms of the target leading to the 
ejection of one of these targets. This process is known as sputtering. For further details, see 
reference [5]. 
A RF sputtering system allows the deposition of non-conductive materials at a practical rate. 
In such a system, the RF sputtering power alone is capable of generating the plasma and 
accelerating ions onto the target to cause sputtering. 
For RF sputtering, a high-frequency generator produces electromagnetic power in the MHz-
region (typically 13.56MHz). The output voltage and current capabilities of these generators 
are limited, so they are typically set to work on a defined load impedance of 50Ω. Plasma 
impedance is normally different from this, so a matching network is connected to the cathode 
to transform the cathode impedance to match the 50Ω output required by the generator. 
Plasma is generated when the alternating signal is applied to the cathode. This plasma then 
acts as a rectifier that generates an average negative voltage at the target electrode. This 
negative voltage is called the self-bias or VDC voltage of an RF cathode. 
Due to different particle masses, electrons are accelerated to oscillate with the RF, while ions, 
being heavier, react only on the averages generated in the RF system. The electron movement 
delivers a short current pulse when the cathode is positive and a smaller current longer pulse 
time when the cathode is negative resulting in a zero current average. 
In reactive sputtering, reactive gases (e.g., O2 or N2) are introduced into the chamber during 
sputtering. The sputtered species react with those gases to form the desired compounds 
(oxides or nitrides). In this case, the target is metallic. RF sputtering from oxide targets can 
also be used for preparing oxide films. However, for the hard materials such as GDC the 
growth rate is too small to be practical for thick film depositions. 
Control of the reactive gases during deposition is critical to maintain the metallic target 
surface to attain high growth rates. If too much reactive gas is introduced into the chamber, 
the target will be converted with a layer of low sputtering yield compound, resulting in a low 
growth rate. This is called target poisoning. On the other hand, if too little reactive gas is used, 
the resulting films might not be stoichiometric and also the deposition rate is low. Hysteresis 
behaviour is normally observed at flow rates between these two extreme conditions. Figure 
3.2 shows an example of the reactive sputtering of Yttria Stabilised Zirconia (YSZ) from a Zr-
Chapter 3 Sputtering Techniques for Thin Film Depositions Page 44 
 
 
 
Y composite target [6]. There is hysteresis behaviour with two stable states: metallic and 
oxide modes. In the oxide mode, the growth rate is just 0.1μm/hr, while in the metallic mode 
growth increases to 2.7μm/hr. The optimal deposition condition here is point A where the 
growth rate is high and the oxygen flow rate produces near-stoichiometric films. 
                                
Figure 3.2 A hysteresis curve of a reactive sputtering process for YSZ film deposited from a Zr-Y target [6] 
3.1.2. Sputtering Mechanism 
The details of RF sputtering reaction mechanisms are generally still not well understood. 
However, it is known that the dominant mechanisms are highly dependent on the apparatus 
geometry and operating conditions [1]. 
Sputtering is a stochastic process that results from a momentum-exchange collision cascade 
process initiated near the target surface by an incident energetic projectile. Figure 3.3 shows a 
collision sequence initiated by a single ion-bombardment event in a solid lattice. 
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Figure 3.3 A collision sequence initiated by a single ion-bombardment event in a solid lattice [1] 
The incoming projectile (solid circle) strikes target atom 1 driving it deeper into the lattice. 
The glancing collision with atom 2 causes the projectile to hit atom 3, which is displaced and 
collides with surface atom 4 imparting sufficient momentum to allow atom 4 to overcome the 
surface energy barrier and to be ejected. Most of the energy transferred to the lattice during 
ion bombardment is lost as heat [1]. 
3.1.3. Formation Processes of Thin Films 
The formation of thin film using either physical vapour deposition (PVD) or chemical vapour 
deposition (CVD) is depicted in Figure 3.4. 
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Figure 3.4 Formation stages of thin film [7] 
The depositing material arrives at the substrate in an atomic or molecular form (Figure 3.4a). 
The adsorbed atom does not remain stationary, but instead has a chance of re-evaporating, 
requiring energy equal to the adsorption energy, or migrating or “hopping” to an adjacent site 
(Figure 3.4b). Apart from hopping, other outcomes such as collision and combination can 
occur. Depending on the arrival rate of atoms at the substrate, there is a probability that one 
hopping atom will collide with another and form a bonded pair of atoms (Figure 3.4c). The 
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formation of nucleation or stable islands in thin film growth will follow (Figure 3.4d), leading 
ultimately to a stable film. The individual islands continue to grow with the addition of more 
single hopping atoms. This is called the growth stage (Figure 3.4e). During this stage, the 
islands become visible under the microscope. However, the film is not a flat layer at this 
stage. This can lead to strain and stress at the interface. 
The islands continue to grow until they become so large that they touch neighbouring islands. 
They then join together, to form a coalescence stage (Figure 3.4g). Finally they slowly enlarge 
until a single continuous film is formed (Figure 3.4h) [7]. 
3.2. GDC Deposition by Reactive RF Sputtering 
3.2.1. The Design and Construction of RF Sputtering System at 
Ceramic Fuel Cells Limited (CFCL) Laboratories 
Figure 3.5 depicts the sputtering system chamber and the associated RF power supply in-
house designed and constructed RF sputtering equipment at CFCL. Both the top and the 
bottom electrodes are shielded by guard rings. The diameter of the cathode (target) electrode 
is 7.6cm in diameter with a thickness of 0.78cm. The distance between them is 11.5cm. The 
RF generator operates at 13.56MHz. 
The target was material 10% Gd and 90% Ce which was mounted on a circular copper 
backing plate. The target material was obtained from “Target Materials Inc” from the United 
States. 
The sputtering procedure is presented in Appendix 1 (Sputtering System Operations at 
CFCL). The chamber is first “roughed” before being opened to the high vacuum pump 
through the rotary pump. The chamber is evacuated to a pressure of ~10-6 Torr. Argon and 
oxygen is then introduced into the chamber at the specified pressure. Oxygen pressure ranged 
from 1x10-4 to 0.4x10-4 Torr. The vacuum system was equipped with a gauge to measure and 
monitor pressure in the 0.5–600μm range during sputtering, and the 1×10-5 to 1×10-9 Torr 
range during pre-sputter pump down. This is followed by introducing O2 into the chamber at a 
set rate of 2.8–9 standard cubic centimetres per minute (sccm). The RF supply is then 
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switched on. Experimental operating conditions are detailed in “Experimental” section in 
chapter 4. 
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Figure 3.5 Schematic drawing of the RF reactive sputtering system at CFCL 
 
Chapter 3 Sputtering Techniques for Thin Film Depositions Page 49 
 
 
 
1. Bunshah, R.F., Handbook of Deposition Technologies for Films and Coating. 2nd ed. 
1994: Noyes Publications. 
2. Wachtman, J.B. and R.A. Haber, Ceramic Films and Coatings. 1993, Park Ridge, NJ, 
USA: Noyes Publications. 
3. Berg, S., et al., Modelling of Reactive Sputtering of Compound Materials. J. Vac. Sci. 
Technol, 1987. A 5(2): p. 202-207. 
4. Ohring, The Materials Science of Thin Films. 1992: Academic Press, Inc. 
5. Holland, L., Vacuum Deposition of Thin Films. 1970. 
6. Thiele, E.S., et al., Deposition and Properties of Yttria-Stabilized Zirconia Thin Films 
Using Reactive Direct Current Magnetron Sputtering. J. Vac. Sci. Technol, 1991. A 9 
(6): p. 3054. 
7. Leaver, K.D. and B.N. Chapman, Thin Films. 1971: Wykeham Publications, London 
and Winchester. 
  
Chapter 4. 10GDC Electrolyte Thin Film 
Deposition and 
Characterisation 
Techniques 
4.1. Introduction 
This chapter describes the RF sputtering experimental set up and deposition results at Ceramic 
Fuel Cells Limited (CFCL). The operating conditions of sputtering 10GDC thin films onto 
specific substrates of 10YSZ, the parameters affecting the deposition rates, and the formation 
of thin film are discussed here. Specific details about techniques for analysing the thin film 
are presented in Appendix 3. 
A FEI-Quanta Scanning Electron Microscope (SEM) was used for scanning electron 
microscopy (SEM) and energy dispersive X-ray spectrometry (EDS) in order to determine the 
morphology, the microstructure and the composition of the deposited films. The formation of 
10GDC thin film was determined with the optical microscopy. 
XRD was applied to analyse the 10GDC thin film for phase identification and other 
crystallographic parameters. The results of these analytic techniques are also discussed in this 
chapter. 
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4.2. RF Sputtering 
4.2.1. Substrate Selection 
10YSZ was selected as the substrate for studying the deposition conditions of thin 10GDC 
film. NiO-YSZ was used as the anode substrate for 10GDC thin film deposition. 
4.2.2. Substrate Preparation for GDC Deposition 
Substrates were first cleaned with acetone, methanol and deionised water and dried in air prior 
to sputtering. 
4.2.3. Vacuum System 
The experimental apparatus was evacuated using a high vacuum turbo pump to ensure a leak 
free system for magnetron operation. A throttle valve was used to control the pump 
throughput while the sputtering gas was introduced. 
The vacuum system was equipped with a gauge to measure and monitor pressure in the 0.5–
600 mTorr range during sputtering, and the 1×10-5 to 1×10-9 Torr range during pre-sputtering 
pump down. The system has a metering valve and separate in-series shut off valves which 
were used for the introduction of the sputtering gas. 
A fixture for mounting and holding the substrate during film deposition was provided in 
conjunction with a means of shuttering the source (target) from the substrate during pre-
cleaning of the target. 
The chamber was made of metal with a viewing port for observation during sputtering. 
Details of the equipment were presented in Figure 3.5 of Chapter 3. 
4.2.4. Sputter Deposition 
The reactive RF sputtering system was used for fabricating thin electrolyte films (Figure 4.1). 
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Figure 4.1 Schematic diagram of RF sputtering experimental setup at Ceramic Fuel Cells Limited (CFCL) 
A magnetron sputtering system was used for both electrolyte and electrode depositions. 
No substrate heating was used. The chamber was pumped with a turbo pump (145 
litres/second) backed up with a mechanical pump (160 litres/minute). The background 
pressure was ~5×10-6 Torr. High precision variable leak valves controlled Argon (Ar) and 
(O2) gas partial pressures, and the gas pressures were measured using a high-pressure 
ionisation gauge. 
The sputtering source was 10GDC target with composition of Gd 10wt% and Ce 90wt%, 
which was purchased from Target Materials Inc. Substrates of 10YSZ were used for studying 
sputtering deposition of thin film 10GDC. The YSZ surface substrates were rough, and porous 
ceramic substrates were used for SOFC preparations. 
Electrolyte films were deposited first, followed by electrode deposition to form complete fuel 
cells for cell tests. All substrates were cleaned according to the cleaning process described in 
section 4.2.2, above. 
When the base pressure was reached, the diffusion pump was closed. Argon was then 
introduced into the RF sputtering chamber followed later by oxygen. Film deposition was 
performed at 100W to 200W. To avoid any contamination during film deposition, the working 
vacuum pressure was maintained as low as possible, typically in a range 1×10-6 to 6×10-6 
Torr. 
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The sputtering gases used were 99.999% pure oxygen and 99.999% pure argon. During 
reactive sputtering, an oxygen gas inlet tube was placed close to the substrate to promote 
oxidation of sputtered materials and to avoid target poisoning. Oxygen pressure ranged from 
1×10-4 to 0.4×10-4 Torr, depending on the targets. 
All films were deposited at room temperature. Only the parameters of oxygen and argon were 
changed in order to achieve the optimal condition for dense, thin films. The conditions used 
for sputtering are summarised in Table 4.1. 
The conditions and factors that affect sputtering have been described in [1]. In this work, the 
best sputtering conditions to produce 10GDC thin electrolyte film incorporated these factors. 
Table 4.1 RF sputtering conditions 
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a 9 4 150 0.24 10.0 3 0.001 10 60 10 10 10 0.2 
b 2.8 2.5 200 9.65 3.59 0.5 0.075 10 60 10 10 10 0.4 
c 4.1 2.5 200 8.35 3.39 0.5 0.075 10 60 10 10 10 0.5 
d 9 4 300 9.8 10.2 0.5 2.2 13 65 12 5 5 2.2 
*where  sccm stands for standard cubic centimetres per minute 
**Weight% 10GDC film values were measured experimentally 
4.2.5. Film Characterisation 
The equipment described in section 4.1 was used for determining the morphology, the 
microstructure and the composition of the deposited films. Operating parameters of energy 
15keV, pressure 10-5 Torr and emission current 99μA were used for FEI-Quanta Scanning 
Electron Microscope (SEM).  
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4.3. Effect of Target Pre-Conditioning 
Pre-conditioning was used for attaining stability in the sputter chamber prior to 10GDC film 
deposition on the substrates. This included stabilising the chamber pressure, the plasma, the 
RF forward and reflected power. Pre-conditioning has two distinct effects: 
• It cleans the target surface of any debris and deposits a fine layer of 10GDC on the 
chamber walls thus preventing further contamination due to natural degassing 
from the surface. 
• It stabilises the release or sputtering rates of species from the target. This is 
particularly the case if the target is a composite as with 10GDC targets. 
Without pre-conditioning, results would be difficult to reproduce between consecutive sputter 
depositions with nominally identical conditions. Both Ar on its own as well as Ar and O2 
mixtures have been used as the plasma gas in turn without any pre-conditioning, but neither of 
these conditions produce satisfactory repeatability [2]. 
In general, optimal results were obtained when the pre-conditioning parameters were the same 
as the deposition parameters. In all cases, the pre-conditioning period was 60 minutes whereas 
the deposition time was dictated by the specific needs of the particular experiment being 
conducted. 
4.4. Formation of Thin Films 
The formation of 10GDC thin film on 10YSZ is shown in Figure 4.2. These results were 
determined under optical microscopy. The 10GDC film was formed on the substrate’s pattern 
and the thickness was different at different spots as can be observed from the different colours 
appearing on the substrate’s image. Table 4.2 illustrates the conditions for producing this thin 
film. 
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Table 4.2 Sputtering conditions for 10GDC on 10YSZ substrate 
O2 Flow rate (sccm) 9 
Ar Flow Rate (sccm) 4 
RF Power (W) 150 
Back Pressure (mTorr)  0.24 x10-6 
Sputtering Pressure (mbar) 10 
Sputtering Time (Hour) 3 
 
1 cm
 
Figure 4.2 Optical image formation of 10GDC on 10YSZ film morphology 
The 10GDC films were deposited on the ceramic substrates’ rough surfaces and the films took 
the form of the substrates (Figure 4.2). These results correspond with the theory of film 
morphology as demonstrated by Thorton and Movchan [3, 4]. 
4.5. Factors Influencing the Deposition Rate 
4.5.1. Effect of Total Pressure 
The plasma was self-sustaining throughout the entire deposition pressure range. The total 
pressure affects the deposition process in a number of ways: 
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• The greater the pressures, the greater the number of particles in the plasma. 
• Increased number of particles increases the probability of sputtering from the 
target at a given RF power and therefore will increases the deposition rate. 
However, greater number of particles increases the probability of scattering of sputtered 
particles during transit from the target to the substrate which has an adverse effect on the 
deposition rate beyond a given pressure. 
The total pressure at a given RF power also affects the induced bias on the electrodes, which 
in turn influences the deposition rate [5]. 
4.5.2. Effect of RF Power 
The effect of RF power on the deposition rate was calculated based on the thickness of thin 
films in Table 4.1 and illustrated in Figure 4.3. The RF powers used were 150, 200 and 300 
Watts. The thicknesses of these films were measured with SEM. Film thickness was obtained 
in the range of 0.03–2.2μm for 0.5 to 3 hours. Therefore, Figure 4.3 shows that the deposition 
rate is directly proportional to the RF sputtering power at a given chamber pressure and partial 
pressure of oxygen. Reduction in the oxygen flow rate or the oxygen partial pressure, PO2, in 
the reactive plasma caused a proportional decrease in the deposition rate at a given RF power. 
This is indicated in Table 4.1. Figure 4.4 shows their relationships        
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Figure 4.3 10 GDC deposition rate relative to RF sputtering power and at different oxygen pressure (PO2= 9, 2.8,      
4.5 sccm) 
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Effect of Oxygen Flow Rate on Film Thickness
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Figure 4.4 Effect of oxygen flow rate on thin film thickness during 3 hours run at RF power of 150W 
The deposition rate was found to be proportional to RF power. Thickness of the film also 
depends on the sputtering time (Figure 4.5), meaning that films become thicker when 
deposition is conducted over a longer time. As seen in Figure 4.5, the film thickness was 
linear with the film’s growth rate. 
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Figure 4.5 Effect of sputtering time on film thickness at RF power (300W) and PO2 (9 sccm) 
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4.5.3. Effect of Oxygen Flow Ratio on the Formation of Thin Films 
The 10GDC films were deposited on the same 10YSZ substrates with two different patterns: 
square 11×11cm and round with 7cm in diameter. 
The oxygen flow rate played an important role in RF reactive sputtering. The as-deposited 
films were brownish in colour at the centre of the substrate, probably due to incomplete 
oxidation of metal (Figure 4.6). A similar problem was reported by Srivastava et al. [6] while 
using a zirconium-yttrium target for sputtering. The brownish region faded away or reduced 
when the oxygen flow rate was increased from 1.7 to 9 sccm. At an oxygen flow rate of 9 
sccm, the brownish region was not produced. These results are shown in Figure 4.7. 
 
 
1 cm 
Figure 4.6 10GDC deposited on a square 11×11 cm 10YSZ at flow rate of 2.8 sccm 
 
1 cm 
Figure 4.7 10GDC deposited on a square 11×11 cm 10YSZ at flow rate of 9 sccm 
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The target became poisoned when oxygen was continually added to the system. Therefore in 
order to reduce its effect on the formation of films and their composition, the target was 
cleaned after every few operations. 
The 10GDC films deposited on 10YSZ substrates were examined initially with an optical 
microscope to detect cracks in the film or other major flaws (see Figure 4.2). The composition 
analysis of Gd-Ce-O was obtained by EDS. The EDS measurements show the weight 
percentage of three elements in the film. The results were tabulated in Table 4.3 which 
indicates that the composition of the films was different under different sputtering conditions. 
Table 4.3 The composition of 10GDC thin film under different sputtering conditions 
 Condition 
For RF 
Sputtering-
10GDC 
Target 
Weight% 10GDC Film  
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a 10 60 10 10 10 0.2 
b 10 60 10 10 10 0.4 
c 10 60 10 10 10 0.5 
d 13 65 12 5 5 2.2 
 
 
 
 
 
 
 
 
                                                     * These conditions are described in Table 4.1, above. 
Oxygen flow played an important role in the formation of 10GDC thin film. As shown in 
Figure 4.6, the film did not adhere well on the substrate in condition c. Insufficient oxygen in 
the chamber (condition c) resulted in a powder forming in the middle of the substrate. When 
the flow of oxygen was increased from 2.8 sccm to 9 sccm, 10GDC film formed uniformly 
and adhered well to the substrate, as seen in Figure 4.7. As mentioned in the previous section, 
the film was not created uniformly by the reactive sputtering. Different colours appeared on 
different films. Each colour represented a different film thickness. Thicknesses ranged from 
0.1 to 5μm (refer to Appendix 2 for a colour chart). Under conditions (c) and (d), 10GDC thin 
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film were found to be close to theoretical weight percent values of 65, 16, and 17 for Ce, Gd, 
and O2, respectively. 
 
Condition (c) 
 
Condition (d) 
Figure 4.8 EDS spectrum of 10GDC thin film under condition (c) and (d) 
The electrolyte film thickness was determined using SEM on the fractured electrolyte surface. 
For example, Figure 4.9 shows a typical micrograph of a “near edge-on” view for 10GDC thin 
film in condition (a). 
                                    
 
 
10GDC 
Figure 4.9 Cross section of thickness measurement under condition (a) 
This picture demonstrates that the cross-sectional thickness varied with increased thicknesses 
appearing at the centre of the substrate. SEM showed that 10GDC film was formed over the 
substrate but the thickness was found to vary over the area. This may have resulted from 
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pressure gradients developing in the vicinity of the sputtering targets. Such gradients can be 
produced by non-uniform bombardment and film deposition [7]. In addition, local pressure 
gradients can occur at the target surface near the pumping port, or at points of high or low 
temperature relative to the rest of the system. Film thickness non-uniformity can also result 
from variations in the target-substrate distance. Some error in film thickness measurements 
was possible especially with the sputtered coated films, which conformed to the uneven 
substrate contours. For this reason, care was taken to measure each specimen at several 
places. Film thicknesses presented in Table 4.1 are averaged values. Figure 4.10 shows a 
typical X-ray spectrum obtained from EDS analysis performed on the 10GDC film deposited 
under condition (a). Gd, Ce and O were present in all the films. Yttrium and zirconium peaks 
were found to have higher intensity for thinner films under conditions (b) and (c). These 
peaks became smaller and disappeared for samples under condition (d) where film thickness 
increased beyond approximately 2μm. 
                      
Figure 4.10 EDS spectrum of 10GDC thin film 
4.5.3.1. XRD Analysis of 10GDC Thin Films 
XRD results (Figure 4.11) indicated that the obtained diffraction peaks matched closely with 
the ICDD standard (75-0161) Gd0.1Ce0.9O1.9 reference dataset. The intensities of the obtained 
peaks differed from the ICDD standard intensities but the sequences of XRD patterns were 
found to be quite similar. All films were cubic in structure for the range and compositions of 
the samples. The composition changed (in a range 10GDC to 20GDC) according to the 
sputtering conditions, perhaps due to different degrees of particle bombardment in the 
chamber. 
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Figure 4.11 XRD patterns of 10GDC films from several substrates. Peaks 1, 2 and 3 show the pattern of 10GDC. 
The other peaks emanate from the 10YSZ substrate. 
4.6. Conclusion 
Thin 10GDC films with thicknesses of 0.3–3.0μm were obtained by reactive RF sputtering on 
10YSZ substrates under various conditions. These films were deposited at room temperature. 
Optimised conditions for fabricating dense thin films were specified in Table 4.1. Target pre-
conditioning was performed before sputtering in order to ensure optimal results.  
Characteristics of the manufactured 10GDC thin films were measured using different 
analytical techniques for the following purposes: 
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• SEM for the observation of the surface topography; 
• EDS for obtaining elemental information about the films; 
• XRD for phase identification and for identifying other crystallographic structures. 
The 10GDC thin films were formed on 10YSZ substrates, as subsequently confirmed by 
optical microscopy, SEM and XRD. The formation of 10GDC thin film was influenced by 
several factors including total pressure, RF power, and the oxygen flow ratio. These factors 
affected the formation of the thickness, deposition rate, and other morphological features of 
the film.  It was determined that, for example,  
• greater working pressure increased the number of particles in the plasma thereby 
increasing the probability of sputtering and hence increasing the deposition rate; 
• the composition of produced 10GDC electrolyte film varied with different oxygen 
flow rates; and 
• the reactive gas flow rate affected the kinetics of oxygen incorporation into the 
growing film and thus influencing the deposition rate. The gas flow ratio for Ar:O2 
was set according to Table 4.2. 
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Chapter 5. Solid Analyte, Electrolyte 
and Anode Thin Film 
Evaluation 
5.1. Introduction 
This chapter presents measurements for the conductivity of 10GDC (with a composition of 
Gd 10wt% and Ce 90wt%) thin films and the resistivity loss attributed to the NiO-YSZ anode. 
Measurements were performed using the four-point probe technique and Van der Pauw 
method across the effective operating temperature range for planar single SOFCs. 
Sample preparation for studying the conductivity of 10GDC thin film on NiO-YSZ using the 
four point probe testing equipment at CFCL (Ceramic Fuel Cells Limited) will be described. 
The four-point probe techniques will be described in more detail in section 5.2. The current 
and the voltage were calculated and measured for this study. Experiments, results and 
discussions of the conductivity measurement will be presented. 
The effect of grain size, grain boundary microstructures, and thickness of 10GDC thin films 
on the conductivity of 10GDC thin films will also discussed in this section. 
5.2. Thin Film Conductivity 
The electrical properties of thin films have long been of practical importance and theoretical 
interest. The solid-state revolution has created important new roles for thin film electrical 
conductors, insulators, and devices. Two important characteristics of these devices include 
their conductivity and resistivity. Resistivity is defined [1] as: 
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 R A
l
ρ =  (5.1) 
where R is the resistance of a uniform specimen of the material having a length l and a cross-
section area A. The unit of ρ is ohm metre. A number of techniques have been employed to 
determine the electrical properties of thin films. Some are adaptations of well-known methods 
utilised for bulk materials. Some are employed to measure thin-film electrical resistance; 
these techniques include two-point probe methods, four-point probe methods and Van der 
Pauw method [2]. In this project, the four- point probe method was applied to determine both 
the DC electrical conductivity of 10GDC electrolyte thin films at the operating temperature 
500–8000C and the resistance loss attributed to the anode. 
5.2.1. Four Point Probe 
The four-point probe technique was originally proposed by Wenner [3] in 1916. It is the most 
common method for measuring semiconductor resistivity. It does not need calibration against 
a standard, and can be used for measuring the resistivity of any semiconductor material either 
bulk or thin films. The method involves passing a current through the outer probes and 
measuring the resulting voltage across the inner probes. The resulting sheet resistance is 
determined by calculating the ratio of the voltage drop to the forced current. The constant K 
essentially depends on the spacing between the probes. For a four- point probe system, where 
the spacing between the probes is much larger than the junction depth, K is approximated to 
4.53. 
 
I
V
KRS =  (5.2) 
where Rs is the sample resistivity, V is the voltage drops across of the inner two probes, I is 
the current passing the outer probes, and K is a geometric factor. 
The four-point probe setup used in this work consists of four equally spaced silver metal 
contacts. Each contact is supported by springs on the other end to minimise sample damage 
during probing. A high impedance current source is employed to supply current through the 
outer two probes; a voltmeter measures the voltage across the inner two probes to determine 
the sample resistivity (see Figure 5.1). The probe spacing, d, is ~4mm. The four-point probe 
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consists of two current carrying probes (Figure 5.1 probes 1 and 4), and two voltage-
measuring probes (2 and 3). 
 
                
V
I
V
1 2 3 4
d
w
t
 
Figure 5.1 Schematic diagram of four- point probe 
The use of four probes has an important advantage over two probes. It is more accurate than a 
two-point probe because it eliminates redox effects at the contact points of the voltmeter. 
Therefore, the four-point probe is preferable over a two-point probe as the contact and 
spreading resistances associated with the two-point probe can not be measured. This means 
that the true sheet resistance cannot be accurately distinguished from the measured resistance. 
Since very little contact and spreading resistance is associated with the voltage probes, one 
can obtain a reasonably accurate calculation of the sheet resistance, which is then used to 
calculate the resistivity [4]. 
5.2.2. Experiment 
5.2.2.1. Sample Preparation 
A 10GDC thin film was deposited onto a NiO-YSZ anode in order to study anode 
conductivity. Four silver probes were screen printed and placed in contact with the electrolyte. 
The distance between the voltage probes, the width of the electrolyte between the voltage 
probes, the thickness of the electrolyte was measured before the sample was placed into the 
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90mm×110mm ceramic tube furnace test stand, as illustrated in Figure 5.2. The ionic 
conductivity of the different self-supported electrolytes was measured as a function of 
temperature by means of four probes AC-impedance spectroscopy. The resulting conductivity 
values of the electrolytes are shown in Arrhenius plots in Figure 5.5. 
 
 
Figure 5.2 Cross section of four-point probe testing equipment at CFCL 
Figure 5.2 shows schematic of test stand. It has the various parts (1) Circular plate, (2) 
Springs, (3) Brass tube holder, (4) Alumina tube, (5) Current probe, terminal 1, (6) Voltage 
probe, terminal 2, (7) Voltage probe, terminal 3, (8) Current probe, terminal 4, (9) Pressure 
rod or tube, (10) Sample, (11) Furnace coils and (12) Thermocouple. 
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5.2.2.2. Measurements at Elevated Temperatures 
The sample was mounted with the electrolyte silver contact face down over the designated 
area in the test stand. The test stand was placed into the ceramic 12000C waffle furnace with 
Eurotherm 847 controllers. The elevation of temperature was performed in ambient air. 
The resistance between the two voltage and current terminals at the connector end was first 
checked to ensure they had connected properly and were reading within a few kilo ohms. The 
constant current generator was switched on next. The actual current applied was measured as 
a voltage drop across a 10-kilo ohm resistor for current between 0.01–1mA. Input currents of 
10YSZ were set at 1.1, 4.5, 6.5, 8.5, 11.02, 30.05, 40.05 and 80.5mA. Voltages were recorded 
at 5000C, 6000C, 7000C and 8000C. 
Voltages were recorded again when the sample had cooled to 7000C and 5000C. Results are 
tabulated in Table 5.1. The resistances and conductivities were calculated. These results are 
tabulated in Table 5.2. 
Table 5.1 Measurement of voltage of NiO-YSZ and 10GDC at different temperatures 
 5000C 6000C 7000C 8000C 
I (μA) V (mV) V (mV) V (mV) V (mV) 
1.1 9.4 11.48* 3.9 1.1 1.02* 0.2 
4.5 42.3 46.71* 15.9 4.2 4.1* 1.7 
6.5 61.0 68.93* 21.78 6.0 6.0* 2.6 
8.5 79.8 90.8* 27.7 7.8 7.9* 3.3 
11.02 103.1 105.5* 34.8 10.2 10.3* 4.3 
Key: * Voltage measurement obtained after sample had returned to ambient temperature 
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Table 5.2 Resistance and conductivity of NiO-YSZ and 10GDC thin films at different temperatures 
Temperature (0C)  Resistance (Ω) Conductivity (Scm-1) 
500 7939.17 0.03 0.02*[5] 
600 2934.17 0.09 0.31*[5] 
700 787.18 0.33 1.25*[5] 
800 319.57 0.82  
Key: * Literature-reported values 
5.2.3. Results and Discussion 
From Table 5.1 and Table 5.2, it was observed that the conductivity of 10GDC in this 
experiment was higher than the literature-reported value at 5000C, and lower at the other 
temperatures where 10GDC powder was used with a small addition of calcium and sintered at 
15000C [6]. This divergence almost certainly resulted from the different methods used for thin 
films production. The results of RF sputtering logically differs from the other methods such as 
tape casting and DC sputtering, since the thin films resulted from RF sputtering were formed 
in columnar grains [6, 7]. For 10GDC films which were prepared by tape casting by Berkel 
[6] and then sintered into a dense structure, electrolyte’s conductivity [6] was higher 
compared to Table 5.2. 
Thin film grain size depends on deposition conditions [4]. In general, thin films possess larger 
grain-boundary areas than do bulk materials, since the average grain size is generally smaller. 
The film grain-boundary using SEM was investigated with regard to grain size and grain 
boundary microstructures. Because of the large grain boundary and surface area in thin films 
(Figure 5.3), the impurity concentration is insufficient to form a continuously high resistance. 
As a result, resistance associated with space-charge layers becomes important. The grain 
boundary resistance may originate from oxygen-vacancy-trapping near grain boundaries from 
space-charge-layers. High-resolution transmission electron microscopy coupled with a trans-
boundary profile of electron energy loss spectroscopy gives strong credence to the space-
charge layers concept [4]. Since the conductivities of the films are observed to be independent 
of crystallographic texture, the interface disorientation contribution to the grain-boundary 
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resistance is considered to be negligible relative to those of the impurity layer and space-
charge layers [8]. 
                          
Figure 5.3 Microstructure image of anode NiO-YSZ and 10GDC thin film electrolyte 
According to the reported analysis, the resistivity of the grain boundary is typically two or 
three times higher than that of the grain interior [9, 10]. Researchers have suggested two main 
reasons for high grain-boundary resistivity. One relates to the space-charge layer near the 
grain boundary formed by solute segregation. According to Guo [11], the conduction of 
oxygen ions decreases when the oxygen-vacancy concentration at the grain boundary 
becomes lower than in the grain interior. This explains the intrinsic grain-boundary resistivity 
of highly pure materials. 
In fact, grain boundaries play a significant role in determining the electrical behaviour of 
polycrystalline materials, since impedance analysis gives a measure of the total grain 
boundary resistance. To convert these values to their corresponding resistivity or 
conductivities, geometric factors need to be calculated [12]. The conductivity of the grain 
boundary in doped ceria has been studied recently by Wang and Nowick [13, 14]. 
The decrease in conductivity due to the grain boundary effect in general is interpreted in terms 
of either a space-charge region near grain boundaries, or impurity or phase segregation at 
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grain boundaries. This can potentially decrease the effective charge carrier concentration or 
result in a highly resistive grain boundary phase [15]. 
The conductivity is also affected by the thickness of the film. It has been found [16] on 
studying the effect of thickness variation on thin film conductivity that at a certain thickness 
which depends on a number of parameters, the conductivity of a film exhibits a sharp increase 
by several orders of magnitude. This thickness corresponds to the stage at which the film 
becomes continuous and begins to show normal metal behaviour. Films of smaller thickness 
apparently consist of individual, electrically isolated islands, as indeed confirmed by electron 
micrographs [16]. 
From Table 5.2, the voltage showed little change after heating up and cooling down of the 
sample at 5000C and 7000C. This result demonstrates the absence of thermal expansion 
between anode NiO-YSZ and 10GDC electrolyte at various temperatures. 
As shown in Figure 5.4, voltages were found to be positively linear with the current at all 
measured temperatures. 
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Figure 5.4 Anode substrate NiO-YSZ voltage relative to current 
Resistance (R) is the ratio of voltage applied to the electric current which flows through it [3] 
(R =V/I), and conductivity is the inverse of resistivity.  
Figure 5.5 shows the graph of log conductivity versus inverse temperature. The conductivity 
of the film was quite close to the conductivity of the composite and higher than the 
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conductivity of the substrate (substrate and thin film). Thus, the conductivity of the 10GDC 
thin electrolyte film can be determined from these measurements. The conductivities of 
composite, film, and substrate are tabulated and graphed separately in Appendix 5. 
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Figure 5.5 Arrhenius plot of the conductivity of anode NiO-YSZ substrate and 10GDC thin film 
5.2.4. The Conductivity and Resistance of the Anode 
The main function of the SOFC anode is to provide reaction sites for the electrochemical 
oxidation of the fuel [17]. Therefore, the anode material must be stable in the fuel reducing 
environment and have sufficient electronic conductivity and catalytic activity for the fuel gas 
reaction under operating conditions [17]. Porous nickel oxide-yttria stabilized zirconia (NiO-
YSZ) cermet (cermet is the mixture of ceramic and metal) is generally used as the anode in 
SOFCs. It is used as an anode in the systems of Sulzer Hexsis (Heat Exchanger Integrated 
Stacks)[18], of Siemen-Westinghouse [18], of Ceramic Fuel Cells Limited (CFCL) [19]. The 
electrical conductivity of NiO-YSZ is ~ 430 S/cm at 800–10000C. Electrochemical properties 
and conductivity of NiO-YSZ have been extensively studied by different groups of 
researchers [20-25]. 
Another requirement for the anode is to maximise its conductivity to minimise ohmic losses 
[17]. The electrochemical resistance of anode (NiO-YSZ) is 0.15 Ω-cm2 [25]. The electronic 
conductivity and resistance of anodes (NiO-YSZ) have been well studied elsewhere. Thus, the 
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electrical conductivity and resistance properties of anodes (NiO-YSZ ) was not examined in 
this present work. 
5.2.5. The Conductivity and Resistance of the Cathode 
The main function of the cathode is to provide reaction sites for the electrochemical reduction 
of the oxidant [26]. Therefore, cathode material must have sufficient electronic conductivity 
at operating temperatures [26]. La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) has been extensively studied due 
to its having the highest known catalytic activity as an electrode [27-29]. LSFC has a single 
phase with electrical conductivity ranging between 200–330S/cm at 600–8000C [30]. Similar 
to the anode, the cathode also requires maximal conductivity in order to minimise ohmic 
losses. The electronic conductivity and resistance of cathodes (LSCF) have been extensively 
studied elsewhere. Thus, the electrical conductivity and resistance characteristics of the 
cathode (LSCF) were not studied in this dissertation. 
5.3. Conclusion 
The conductivity of 10GDC thin film was determined by the four-probe AC impedance 
analysis method. Film conductivity was measured at different temperatures (5000C, 6000C, 
7000C and 8000C). The conductivity values obtained in this work were higher than the 
literature-reported values at 5000C and lower at the other temperatures due to the thin film 
formation technique. Grain size, grain boundary and thin film thickness were also found to 
affect conductivity. Continuously high resistance could not be achieved due to the large grain 
boundaries and surface areas present in the thin films. 
The voltage changed a little after first heating the sample to 7000C and then cooling it to 
5000C. This result demonstrates the absence of thermal expansion between the NiO-YSZ 
anode and the 10GDC electrolyte at various temperatures. 
The RF sputtered 10GDC thin films fabricated in this work demonstrated good conductivity,  
the results generally being higher than the literature reports within this temperature range 
(500–8000C) (see Appendix 5). The conductivity of 10GDC thin film is an important attribute 
for SOFCs. 
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Chapter 6. Investigation of the Thin 
Films Formations and 
Microstructures on the 
Operation of Single Solid 
Oxide Fuel Cell 
6.1. Introduction 
A complete single cell was assembled to obtain a preliminary test of the function of the 
10GDC thin electrolyte film deposited on the anode cermet substrate. This test was conducted 
at SOFCs test station at Ceramic Fuel Cells Limited (CFCL). 
A single planar cell was fabricated. Its matrix was designed to meet the requirements of the 
cell test station at CFCL. Hanky screen printing was chosen as a technique for the deposition 
of the cathode and anode components of the fuel cell. This chapter describes this method and 
the results of the single cell test (test cell failed to generate current and voltage). 
A systematic study and rigorous examination and analysis of the factors contributing to the 
preliminary planar single failed cell test were carried out in the following order. The 10GDC 
film deposited on NiO-YSZ cermet substrate was examined initially with an optical 
microscope to detect pores, cracks, or other major flaws. The detailed micro-structural 
analysis was performed with a scanning electron microscope (SEM). The electrolyte film 
thickness was determined using SEM. The characterisation of electrolyte 10GDC thin film 
deposited on the anode NiO-YSZ and cell components were also examined using SEM. 
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The cell was examined for pinholes, cracks and delamination. This process is discussed in this 
chapter. The remedy for the cell’s failure is also discussed.  
6.2. Experimental 
6.2.1. SOFCs Test Station at Ceramic Fuel Cells Limited (CFCL) 
The SOFC test station was provided at CFCL (Figure 6.1). It comprised of the solid oxide fuel 
cell, the gas supply unit, the gas humidifier, the furnace, the exhaust system, and several flow 
meters. The fuel gas, generally methane, was modified and humidified before feeding it into 
the anode. 
 
Figure 6.1 SOFC cell test station at CFCL 
6.2.2. Design of Single Planar SOFC 
Fabrication of the test SOFC followed the steps outlined in Figure 6.2. The anode substrate 
was designed to specifications 5×5cm, 50%NiO and 50%vol 8YSZ and 1mm thickness in 
order to match CFCL’s cell test station requirements. 10GDC thin film electrolyte was 
deposited on anode substrates by RF sputtering with the thickness in a range of 1–5μm. with 
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To obtain a higher film thickness, condition (d) described in Table 4.1 of Chapter 4 was 
chosen for the test cell 10GDC thin film electrolyte deposition. La0.54Sr0.36Fe0.8Co0.2 (LSFC) 
was used as the cathode material. This material shows a very low electrode resistivity and a 
high chemical stability when used along with a ceria electrolyte [1, 2].  
Hanky screen printing was applied for the patterned deposition of the anode (NiO-YSZ) and 
cathode (LSFC). The Hanky screen printer (Figure 6.2) was chosen as a technique that has a 
low cost process and allows accurate pattern deposition of fuel cell components and for soft 
and hard printing of substrates with thicknesses up to 5mm. The range of thickness applied 
here was set to be between 0.1–0.2mm. Further details of the procedure of Hanky screen-
printing is described in Appendix 4.  
The cathode and anode were annealed at 950oC for 4 hours which completed the cell 
fabrication procedure. 
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Figure 6.2 Schematic diagram of Hanky screen printing at CFCL 
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Hanky screen print anode and fire to 1300 –
15000C
Hanky screen print cathode and fired
at 9500C for 4 hours
Hanky screen print Pt current collector
YSZ fired rings for mechanical support & 
electrical contact
Three roll mill powder binder -> 
screen printable paste
Powder preparation (LSFC, NiO, 
YSZ), liquid mixed, glycine
Laminating & firing 14500C
Screen print Pt voltage probe
Die pressed 5 x 5cm anode
 
Figure 6.3 Flow chart of the techniques used for fabricating single cells 
6.2.3. Single Cell Assembly 
The single cell was assembled into the cell test’s station at CFCL as shown in Figure 6.4. The 
single-cell test stand consisted of two alumina tubes. For single cell testing, disc-shaped cells 
were used. Silver meshes were used as current collectors. These were pressed against the 
cathode and the anode with a thin layer of platinum resin to ensure a good bond between the 
silver meshes and the electrodes. This technique also increases the contact surface of the 
current collectors and electrodes. The cell was placed inside the furnace, and the cell test 
conducted over a range of temperature between 650oC and 800oC. Reduction of NiO into Ni 
was accomplished in situ. Cell performance was measured using an electronic load. 
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Figure 6.4 Diagram of cell assembly with a 5×5 cm cell 
6.2.4. Sealing 
Tight sealing is important for integrity and performance of SOFC cells and especially SOFC 
stacks. It prevents fuel or oxidant gas leaks that may cause loss of equilibrium cell voltage and 
lead to local hot spots. The non-uniform temperature distribution caused by hot spots induces 
thermal stress that may cause cells to crack. The basic requirements for a good sealant are: 
• Gas-tightness in both reducing and oxidizing environments 
• Chemical and phase stability in contact with electrolyte and interconnect 
• Thermal expansion matches between the electrolyte and the electrode as well as 
the interconnect and the electrode 
• Good insulation properties 
• Suitable viscosity at operating temperatures. 
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For operations at elevated temperatures (10000C), previous research groups have reported 
sealant compositions consisting of CaO-Al2O3-B2O3-SiO2 [3]. Compressive seal, cement 
seals, glass seals, and glass ceramic seals have been also proposed [4]. 
The conductivity change of the interconnect in the reaction zone between the sealant and 
LaCrO3 is also important [5]. Methods for reducing inter-reaction between LaCrO3 and the 
sealant has been noted as a key issue for long-term study [5]. Another important requirement 
reported of SOFC sealants is electrical insulation [5]. 
Since many sealants are still under development, sealing materials for small scales SOFCs in 
laboratory use must be selected from those that are commercially available. Due to 
restrictions on the available options at CFCL, glass sealant was used for this work’s purpose. 
6.2.5. Procedure 
When the full cell was assembled completely, the cell was heated to 5500C with a ramp of 
300C/hr from ambient, then 600C/hr from 5500C to 7500C with the bypass on. The cell was 
dwelled for 4 hours. When the furnace stabilised at 7500C, the humidifier was then turned on 
to 760C with the rate of 50ml/min H2 flow on the fuel side with the bypass on. The bypass was 
switched off to reduce nickel oxide in order to form a nickel-YSZ cermet at 8000C. The cell 
was dwelled for two hours. The open circuit was monitored until the voltage was close to or 
equal 0.75V. If this voltage was not reached, the test was deemed to have failed. Otherwise, 
the furnace was switched to humidified hydrogen. This process proceeded for at least two 
hours, or whatever time was necessary to reach the theoretical potential at 7500C. Then, the 
cell was heated up to the desired temperature before being switched over to the required fuel 
gas. 
The cell reduction was completed when the furnace stabilised at 7500C and humidifier at 760C 
(40% steam) bypass was turned off. Hydrogen flow rate at the fuel side was set to 0.4 SLM 
(Standard litres per minute: 1SLM = 1000 standard cubic centimetres per minute (sccm)) and 
the airside was adjusted to 1.2 SLM. Then the cell was dwelled for 3 hours. At this stage, an 
open circuit voltage (OCV) that fell below 0.47V indicated that the fuel cell contained a 
significant leak and that the test, therefore, had failed. Otherwise, an OCV equal 0.76 
±0.005V indicated the cell had fully reduced and that the test should be allowed to proceed. 
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6.2.6. Examination of Leakage 
Examination of leakage is very important for the cell test. This is because if there were to be a 
leak in the cell then a short circuit would develop and the test would fail. Therefore, the cell 
should be checked to ensure it is leak free before test commencement. The leak rate was 
measured on both the air and fuel sides of the alumina test stand. The alumina test stand was 
inverted onto wet black foam and the stand was clamped into a block. The pressure line was 
inserted from an air manometer into the respective inlet or outlet hole to monitor the water 
level for any drop. If no drop in the water level occurred, then the above procedure was 
repeated for the other inlet. If no leaks were detected by this stage then the alumina test stands 
were considered ready for use. 
6.3. Results and Discussion 
6.3.1. Test Observation 
6.3.1.1. Observation after the Test 
No voltage was obtained from the planar single cell during the test. Systematic examination of 
this result is described in a following section. The cell was allowed to cool to ambient 
temperature after the test procedure had completed. Figure 6.5 shows the cell after the test. It 
was observed that the cathode had delaminated in small sections and the colour of the anode 
had changed from green to grey. This indicated that the cell had oxidised. Some parts of the 
cell had turned yellow. This indicated that parts of the cell had burned during the test. The cell 
was inspected visually and no cracks or pinholes in the electrolyte could be observed. Further 
examination by optical microscope and SEM was performed for this purpose. 
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Figure 6.5 Image of the cell after the test 
6.4. SEM Analysis 
6.4.1. Microstructure Characterisation 
The surfaces of the films were observed using scanning electron microscopy (SEM). 
However, the films did not exhibit noticeably distinct features but, rather, presented a smooth 
appearance across their surfaces. 
Film formation depends on the substrate surface. However, the substrate surface of the anode 
was rough. Therefore, the deposited 10GDC film, in following the substrate contours, was 
equally rough. 
The performance of a SOFC anode is highly dependent on the microstructure which, in turn, 
is determined by the fabrication method. 
State-of-the-art NiO-YSZ anodes used in an electrolyte-supported SOFC design are typically 
100μm thick [6, 7]. In the case of an anode-supported design, the active anode layer is 
typically only about 10μm thick [8]. The anode must consist of at least 30 vol% of NiO in the 
reduced state in order to guarantee sufficient electronic conductivity under SOFC operations 
[9-11]. For sufficient gas supply, the porosity should be held between 30%–50% [9-12]. In 
our test, we used 50%vol NiO + 50%vol 8YSZ. These results were detected in pore radii of 
100–1000nm. YSZ preferentially combines with cermet in two different particle sizes. Coarse 
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YSZ (particle size around 1μm) adjusts the thermal expansion coefficient (TEC) of the anode 
to that of the YSZ electrolyte and prevents the anode layer from significant shrinkage during 
fabrication and on reduction of the NiO (particle size around 0.1μm). Fine YSZ (particle size 
around 0.1μm) prevents Ni from coarsening by trapping the Ni grains. 
Results from SEM performed on the failed test cell are presented in Figure 6.6 and Figure 6.7. 
                        
10GDC 
Cathode 
Anode 
Figure 6.6 Complete planar single cell test cross section 
                    
Crack 
Figure 6.7 Cathode surface after planar single cell test 
The cathode was delaminated, cracked and did not adhere well to the electrolyte 10GDC thin 
film. There was a gap between the anode and cathode indicating poor contact between these 
parts. This could be one of the reasons for a short circuit developing in the cell. Alternatively, 
it could have been the mismatch between the thermal expansion coefficient of the LSFC 
cathode and the thin film 10GDC electrolyte during the cell test which caused the short circuit 
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in the cell. According to Kharton [13], 10GDC and LSFC (La0.8 Sr 0.2Fe0.8Co0.2O3) had a 
compatible thermal expansion coefficient of 11.5×106 K-1 for 10GDC and 12.9×106 K-1 for 
LSFC at 300–10500K. This indicated that the TECs of these materials were quite close to each 
other which possibly caused the materials to crack during the cell test. But in this work, LSFC 
with composition La0.54Sr0.36Fe0.8Co0.2 was used, this having a higher TEC value (17.5×10-6 
K-1) [14] than LSFC. This could have produced the greater mismatch between these materials. 
6.5. Characterisation of Electrolyte Films in the Failed 
Planar Single Cell Test 
The 10GDC film deposited on the NiO-YSZ cermet substrate was examined initially with an 
optical microscope to detect pores, cracks or other major flaws. The detailed microstructural 
analysis was performed with a scanning electron microscope. The phase assemblage was 
determined by XRD. The electrolyte film thickness was determined using SEM on fractured 
electrolyte surfaces. Some error in film thickness measurement is possible especially with 
sputtered coatings which follow the uneven substrate contours. For this reason, care was taken 
to measure each specimen at several places. 
In this study, 10GDC films were deposited by reactive RF magnetron sputtering. The 
deposition conditions were such that 10GDC films remained under compressive stress while 
adhering to NiO-YSZ to substrates. In order to ensure a dense and impervious electrolyte 
layer, it was desirable to prepare films in this fashion. In the configuration used, the NiO-YSZ 
substrate served as the minimum structural support for the thin electrolyte layer. However, 
maintaining an adherent layer in compression required strict control of deposition parameters, 
and it was found that only a narrow range of deposition conditions were suitable. It was 
observed that the as-deposited films when prepared under higher pressure conditions adhered 
well to the substrate, but when annealed in air at high temperatures (800–12000C) turned 
instead to a fine powder. However, the as-deposited film prepared in low pressure conditions 
were found to delaminate from the substrate in the form of small flakes, suggesting very high 
compressive stress in the growing film. 
The surface morphology and fracture cross-section of a typical annealed 10GDC film on the 
NiO-YSZ substrate after cell fabrication are shown in Figure 6.8. 
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Cracks 
Figure 6.8 Surface morphology of a planar single test cell’s 10GDC electrolyte on NiO-YSZ after annealing 
                         
Figure 6.9 Cross-section of a planar single test cell’s 10GDC electrolyte on NiO-YSZ after annealing 
The surface appeared granular and there was no indication of pinholes over the entire surface 
(Figure 6.9). The grains in the annealed YSZ films ranged from about 0.1 to 0.5μm in size. 
Film growth had evidently occurred in very dense columns ranging in size between 0.1 and 
0.5μm. There was evidence of cracks at the channels of the grains after annealing. Because 
these big cracks were not observed in as-deposited films before annealing (Figure 6.10), the 
cracks were inferred to have caused the leakage in the cell test. 
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Figure 6.10 A planar single test cell’s 10GDC thin film electrolyte on NiO-YSZ substrate before annealing 
Figure 6.11 shows a cross section of the cell after testing in the fuel cell assembly. NiO had at 
this point reduced to Ni with a consequent increase in the porosity of the anode. 
                         
Figure 6.11 Cross section of the single planar cell after testing in the fuel cell assembly 
Direct contact between Ni particles and 10GDC film appeared to be somewhat poor and a 
large gap between the two phases was obvious. 
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6.5.1. Cell Component Characterisation 
Figure 6.9 presents a SEM cross section view of a NiO-YSZ cermet with an electrolyte layer 
deposited on the top. After reduction, cermet porosity was determined to be uniform with a 
distribution of pores between 0.5 and 2μm. This pore size range was sufficient to allow the 
passage of gas fluxes. 
For the 10GDC electrolyte, the layer must be as thin as possible to avoid ohmic losses, but 
also dense and gas tight. Our RF sputtering method provided promising results. Figure 6.12 
shows the cross section view of an electrolyte layer deposited by our method (RF Sputtering). 
Figure 6.13 presents a SEM cross section view of the cell prepared as described above. For 
the anode substrate, a large porosity is required to enable gas flux passage. Morphological 
stability is also required in order to support the cells and to ensure sufficient electrical 
conductivity. 
                       
Figure 6.12 Cross section view of a planar single test cell’s electrolyte layer deposited by RF sputtering 
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Cathode 
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Anode 
Figure 6.13 Complete planar single test cell cross section 
Composition was found to have changed at different places and components of the cell. 
(Table 6.1). These values were obtained from EDX (Energy Dispersive Spectroscopy). 
Table 6.1 Weight % of elements in different parts of the cell after testing 
  Weight % of the element  
Part description Gd Ce O Y Ni La Fe Zr Co Sr 
Anode layer by itself 0 4.7 10.2 5 73.7      
Cross section of anode and 10GDC 4.8 24 22.8  9.07 17.1 8.8 5.9   
Cathode-top face (LSFC) by itself 0 0 14   36.1 18.2  5.3 11.2 
Cathode-bottom face (1) 0.7 4.4 14.5   30.5 14.4  7.6 9.1 
Cathode-bottom face (2) 0 5.3 14.9        
Cathode-bottom face (3) 1.5 1.7 15.3        
Cathode- surface yellow region 1.2 3.4 15  0.7 50.4 24.7 0.4   
Cathode-top face-black region 0.5 1.4 16.8  0.1 48 24.59 0.3 5.6  
Cross section off cell 2.1 9.3 16.6        
Cathode surface face (4) 2.5 0.5 15.8        
Anode and 10GDC layer only 11 65 13.7        
Key to Table 6.1 located overleaf 
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KEY:           
(1) Cathode–Bottom Face–Contacted with 10GDC electrolyte at light yellow region    
(2) Cathode–Bottom Face–Contacted with 10GDC at white region     
(3) Cathode–Bottom Face–Contacted to 10GDC         
(4) Cathode Surface Face–Cell Tested          
 
From Table 6.1 we can see that the composition of 10GDC and other parts of the cell varied 
completely across different components of the cell when in contact with the 10GDC 
electrolyte. This might be due to the reaction between 10GDC layer with cathode and anode 
during the cell operation at elevated temperatures. 
Figure 6.14 shows the image of LSFC compound after the test, which was taken by SEM. 
This image shows the top face of the cathode LSFC which was not in contact with the 10GDC 
layer. Therefore, 10GDC peaks were not observed in this surface in EDX (Figure 6.15) 
 
                         
Figure 6.14 SEM image of cathode LSFC – top face of planar single test cell  
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Figure 6.15 EDX of cathode LSFC – top face of planar single test cell  
Figure 6.16 and Figure 6.17 show the cathode face in contact with 10GDC electrolyte. 
Accordingly, Gd and Ce peaks are apparent. Although the intensity of Gd peaks was less than 
the Ce and other peaks in the anode layer, the data nevertheless demonstrates that Gd was 
present. 
                   
Figure 6.16 SEM image of LSFC bottom face of 10GDC for planar single test cell 
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Figure 6.17 EDX of LSFC bottom face of 10GDC for the planar single test cell 
The dark and yellow regions of cathode layer after the test showed little difference in EDX 
but the distribution of grains in these regions were quite different (Figure 6.18 and Figure 
6.19). 
          
Dark region 
Figure 6.18 Complete cells – surface LSFC, dark region of planar single test cell  
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Yellow region 
Figure 6.19 Surface LSFC – yellow region of the planar single cell 
Overall, SEM and EDX analysis demonstrated that the 10GDC thin film electrolyte covered 
the substrate with different thicknesses. During the test performed at 7500C, some reaction 
might have taken place between the components of layers, which could have caused the 
expansion of 10GDC, LSFC or anode films thereby causing the short circuit in the cell. 
In summary, the single cell test failed. No voltage or current was detected in the circuit. A 
short circuit was evident in the cell. Systematic investigation of the failed cell test is discussed 
next. 
Chapter 6 Investigation of Thin Film Formations and Microstructures on the Operations of SOFC Page 97 
 
 
 
6.5.2. Failure Analysis of the Failed Cell Test 
Generated voltage was not detected in the circuit. Possible causes for this failure are listed as 
follows: 
• Cell cracks, pinholes and cell defects could cause major cell malfunction allowing 
gas cross-leakage 
• Seal leakage 
• Cell shorting 
• Delamination, where the current collectors had detached from the cell or the 
electrode layers had delaminated from the electrolyte – either event resulting in 
zero voltage reading. 
6.5.2.1. Test for Cell Cracks and Pinholes 
Where there were cracks or defects in the electrolyte film, we should see in the post test of the 
sample what is called “burn marks” (dark brown spots) due to the high temperature of fuel 
burning and affecting at the cracks. This appeared in the cell test as shown in Figure 6.18. 
There are a number of possible explanations for the cell to crack, including thermal or 
mechanical stresses placed on the cell, or different spatial or temporal temperature, gas 
composition and pressure gradients occurring in the SOFC stack during operation. A 
temperature gradient of about 1000C between the gas inlet and outlet is a typical value. This 
might even be increased due to the endothermic reforming reaction. Temperature gradients 
induce thermal stress within the stack and might cause cracking of the electrolyte or the 
sealant. Any cracks in the thin film electrolyte, might have been induced during the RF 
sputtering fabrication of the thin film. 
In order to detect such cracks in the 10GDC film, a red dye was applied to the front top 
surface of the cell (Figure 6.20(a)) Red dye was observed to seep through the cell to its 
bottom surface (Figure 6.20(b)). 
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(a) Top face (b) Bottom face 
Figure 6.20 Red dye tested on planar single cell 
This leakage was confirmed with another blank cell (no testing). The result is shown in Figure 
6.21. 
                    
20μm 
Figure 6.21 Planar single cell test examined under optical microscope for pinholes 
While no pinholes or cracks were observed under optical microscope or planar SEM 
examination of the samples, that red dye flow was observed indicating that cracks or pinholes 
in the film existed at a very small scales. This could be due to gap between the grains 
boundaries over the film. Therefore, a SEM cross section examination of the cell was 
performed (Figure 6.22). 
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Channel crack 
10GDC Thin Film 5μm 
Figure 6.22 Polished cross section of thin film and anode from SEM of planar single test cell  
Polished cross section samples were prepared at CFCL. A small sample of as-deposited cell 
and tested cell was moulded in a plastic container with 8 parts of resin (Epoxy) and 1 part of 
catalyst (Struer). This mixture was mixed fully and poured over the samples which were held 
in the plastic container with alumina foil (Figure 6.23 (a) and (b)). The sample and resin 
mixture was allowed to harden overnight. Samples were cut in half and polished with 600P 
sand paper down to 1μm alumina suspension. Considerable care and continuous washing with 
water was taken during preparation to avoid damage or introducing cracks into the sample 
during the polishing. The polished sample was air dried before further analysis was 
performed. 
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(a) Sample was moulded into the plastic container (b) Sample was filled with resin 
Figure 6.23 Polishing and sample preparation for across-section SEM analysis of planar single cell 
Evidence of cracking in the film was observed in the cross-section (Figure 6.22). Although 
these cracks were less than <0.5μm in width, they nevertheless acted as capillaries and 
conducted the red dye. This defect also allowed gas cross-leakage. Film thickness varied 
along the surface, with average thickness of approximately 1.3μm. Therefore the red dye test 
confirmed that there was no gas tight and leak free electrolytes. From these results, it is clear 
that the RF sputtering process should be further optimised to ensure the deposition of fully 
dense, defect-free 10GDC layers. According to Maissel [15] the presence of pinholes in the 
electrolyte does not alter electrical conductivity. But the electrolyte must be sufficiently dense 
to restrict all but the passage of anions from the cathode to the anode in order to form a 
complete circuit. A pinhole in the electrolyte would prevent this by creating a short circuit in 
the SOFC. 
6.5.2.2. Seal Leakage 
There was no evidence of seal leakage from our failure analysis test. 
6.5.2.3. Short Circuit 
The cathode was totally peeled away from the electrolyte in order to examine the thin film. It 
was numbered from 1 to 6 for different pieces (Figure 6.24) 
Chapter 6 Investigation of Thin Film Formations and Microstructures on the Operations of SOFC Page 101 
 
 
 
                     
4 6 
2 
1 
Figure 6.24 Planar single test cell after removing the cathode 
After removing the cathode, a large scratch on the electrolyte was observed under optical 
microscope examination (Figure 6.25). 
   
Figure 6.25 Scratch in piece number 1 (Figure 6.24) of planar single test cell under optical microscopy 
This scratch can be seen clearly in the left hand side (Figure 6.25). It was about 3 cm long and 
about 4mm width as seen in Figure 6.24. Only one scratch was detected during examination. 
5 
5 7 
Scratch 
3 
20μm 
4 mm 
Scratched - no 10GDC Thin 
Film
Scratched 
With 10GDC Thin Film 
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It was located at the bottom left corner of the cell (piece number 1, see Figure 6.24). This 
scratch was possibly introduced during the cell fabrication or deposition process. 
Across the scratched area, there was no or very little 10GDC film. This was confirmed with 
EDX and SEM with the absence of Gd or Ce peaks. This could be one of the reasons why no 
voltage developed in the cell. Since there was no electrolyte thin film, the cathode was free to 
touch the anode, thereby creating a short circuit across these regions in the cell. 
6.5.2.4. Delamination 
From the standpoint of mismatch of thermal expansion stresses, it appears that the best choice 
for cathode support structure is LSFC. This is because the coefficient of thermal expansion of 
10GDC is better matched with LSFC instead of Ni + Zirconia. Fortunately, 10GDC has a 
lower coefficient of thermal expansion compared to Ni + Zirconia. Thus, the 10GDC film at 
room temperature is under compression and thus should not crack. It can, however, 
delaminate. The tendency for delamination is a function of the thickness of the film, |Δα| and 
|ΔT|, where Δα is the difference in coefficients of thermal expansion, and ΔT is the 
temperature differential between the temperature at which stresses are zero (stress relief 
temperature) and the test temperature. It has been shown that the thinner the film, the less 
likely it is to delaminate [16, 17]. Propensity for delamination can be assessed via a schematic 
shown in Figure 6.26. 
                                   
Figure 6.26 Schematic of a single planar cell 
Cathode LSFC and anode NiO-ZrO2 are porous, whereas electrolytes 10GDC are dense and 
can only conduct O2-. 
The thermal expansion coefficient (TEC) of 10GDC was smaller than of a mixture of NiO and 
YSZ, or of Ni and YSZ [18]. Thus, a thin film of YSZ electrolyte deposited on the anode is in 
a state of biaxial compression at a temperature below the sintering temperature. Since the cells 
are cooled to room temperature after sintering, the maximum level of stress is expected at 
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room temperature. The existence of a biaxial compression ensures that the 10GDC film does 
not crack. However, it is possible for the film to delaminate if its thickness is too large. 
 
Figure 6.27 Schematic diagram of YSZ film 
Figure 6.27 shows a schematic of a 10GDC film of thickness h on an anode of thickness d. 
Here, d >> h. Young’s modulus of YSZ is E1, its Poisson ratio is v1, and its coefficient of 
thermal expansion is α1. Young’s modulus of the anode is E2, its Poisson ratio is v2, and its 
coefficient of thermal expansion is α2. Delamination is defined by [19]. 
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where γfm is the interfacial fracture surface energy for delamination. 
In this experiment, the support thickness (1mm) (NiO-YSZ) was much greater than the film 
thickness (1μm) (10GDC). For α2 = 13.2×10-6/oC, α1 = 10.11×10-6/0C, ΔT = 750,  
E1 = 198GPa = 198x109Pa [20], ν1=0.25. No experimental value of γfm is available. The 
assumed value of γfm = 25 J/m2, corresponding to a critical fracture toughness is the sliding 
mode of about 3MPa, appears reasonable. Substituting these values into Equation 6.2, above, 
suggests that the 10GDC thickness should be less than 20μm. The preceding estimate also 
suggests that the YSZ thickness should be maintained above 20μm. These estimates depend 
upon the values of the parameters used. Nevertheless, an upper limit of 20μm should serve as 
a guide for anode-supported cell design. 
h 1 E1 α1
2 E2  α2 d 
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6.6. Remedy for Failed Cell Tests – Suggestions for Future 
Work 
As discussed above, no evidence of pinholes in the 10GDC electrolyte thin film was detected. 
However, channel cracks appeared after the annealing of the thin film. Therefore, to improve 
and prevent the leakage in the future, some of the aspects of cell design and fabrication should 
be considered as below: 
Cell fabrication should be controlled carefully to eliminate occurrence of cell cracks and other 
cell defects. “Thick” electrolyte with much “thinner” electrode layers should be used or layer 
thickness ratio be modified to reduce the effects of thermal expansion mismatch. 
Improvement can be carried out in three ways as follows: 
1. Modify the sealant procedure to prevent the seal leakage 
2. Assure that cells are not short-circuited internally or externally 
3. Prevent delamination during the cell fabrication. 
Pores larger than 2μm on the anode substrate surfaces should be eliminated with paraffin or 
ZrO2 powder milling before applying the thin film electrolyte to it by sputtering deposition. 
Sputtering should be performed for a longer time to produce a thicker film. 
6.7. Conclusion 
A single cell was fabricated in the following steps: 
• The RF sputtering method was applied to deposit 10GDC electrolyte thin film on 
5×5 cm Ni-YSZ anode which was provided by Ceramic Fuel Cells Limited 
(CFCL) 
• LSFC cathode was screen printed on the 10GDC thin film electrolyte by Hanky 
screen printing. Hanky screen printing is a low cost process and allows obtaining 
an accurate pattern deposition of the fuel cell components for soft and hard 
substrates. 
• The cathode and anode were annealed at 9500C for 4 hour. 
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After the cell fabrication was completed, it was assembled into the cell test station for testing 
the functionality of 10GDC thin film with the cathode and anode in the fuel cell environment. 
This preliminary test was conducted at low temperature (7500C). The cell failed to generate 
voltage and current. A series of steps were pursued to examine the possible reasons for this 
failure. 
The surface of the cells underwent SEM and EDX analysis for microstructure 
characterisation. From the results of the SEM and EDX analysis, it was found out that the 
cathode was delaminated, cracked and did not adhere well on the electrolyte 10GDC, which 
caused the poor contact between the components of the cell. Cracking was observed (Figure 
6.7), which was caused by the mismatch of the thermal expansion coefficients of LSFC 
cathode and electrolyte GDC during the cell test and elevation of the temperatures which also 
caused the short circuit in the cell. 
The surface morphology and fracture cross-section of 10GDC thin film electrolyte on NiO-
YSZ anode substrate were studied with SEM. Film growth appeared granular and very dense 
on the surface. There were no pinholes over the entire surface. There was evidence of cracks 
at the channels of the grain after annealing (Figure 6.8). Accordingly, these cracks contributed 
to leakage in the cell. 
Cell components were examined and the cross section view of the cell was analysed with 
SEM. It was observed that the porosity of the anode was uniform with a distribution of pores 
in the range of 0.5 to 2μm, being sufficient to allow the gas flux to pass through. 
There was an indication of the reactions at elevated temperatures between 10GDC thin film 
with other component layers, that is, with the cathode and anode of the cell. Component 
compositions were analysed by EDX (Table 6.1). The EDX showed that the distribution of 
components were different at different parts of the cathode layers. 
No evidence of pinholes or cracks of the thin film cell were observed under optical 
microscope examination but these features were detected in the red dye test, indicating that 
cracks or pinholes in the film existed at submicron scales. 
Cross section analysis of the cell was performed by SEM for studying the cracks across the 
component layers. The cracks with < 0.5μm were observed which acted as capillaries for the 
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red dye diffusion. This red dye test also confirmed that the structure was not gas tight or leak 
free. 
After removing the cathode layer, a large scratch on the electrolyte was observed under 
optical microscope examination (Figure 6.25). It was about 4mm long. There was no presence 
of 10GDC thin film on this scratch surface. This may also have contributed to the absence of 
voltage from the cell. Since there was no electrolyte thin film on the scratched part of the 
cathode, the cathode was free to touch the anode, thereby creating a short circuit across these 
regions of the cell. 
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Chapter 7. Conclusions and 
Suggestions for Future 
Work 
7.1. Conclusions 
This work has investigated the use of RF reactive sputtering for fabricating thin 10GDC (Gd 
10wt%, Ce 90wt%) electrolyte films for SOFC applications. Despite this technique producing 
lower deposition rates compared to more conventional metal sputtering, its usefulness for the 
deposition of non-conducting materials was confirmed by this study. 
Thin films of 10GDC electrolyte with thicknesses in the range of 0.1–5µm were successfully 
fabricated onto 10YSZ substrate with RF reactive sputtering. O2 and Ar flow rates, RF power, 
reactive gas pressures and sputtering durations were controlled and varied experimentally in 
order to determine the optimal conditions for 10GDC thin film yield. The results of this work 
is summarised in Table 4.1 of Chapter 4. 
It was determined that, under the experimental setup described, thin film deposition rates 
depended on the reactive gas pressure as discussed in Chapter 4. The oxygen gas flow rate 
also affected the kinetics of oxygen incorporation into the growing film. This in turn 
influenced the deposition rate. 
The deposition rate was also found to depend on the magnitude of the applied RF power and 
the O2 partial pressures. The deposition rate itself was directly proportional to the RF 
sputtering power at a given chamber pressure and O2 partial pressure. Further, insufficient O2 
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availability was determined to cause incomplete oxidation of metal. This result is summarised 
in Figure 4.5, above. 
In post-sputtering SEM analysis, the deposited thin film surface conformation was observed 
to correspond strongly with the underlying substrate surface morphology. Columnar grains 
were observed after RF sputtering to have formed across the rough surfaces of the ceramic 
substrates (Figure 4.2). This result corresponds with the theory of film morphology as 
reported by [1, 2]. 
Scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDS) were 
applied to determine the morphology, the microstructure and the composition of the deposited 
films. The 10GDC films deposited on 10YSZ substrates were examined initially with an 
optical microscope to detect cracks or other major flaws in the film. The 10GDC electrolyte 
film thicknesses were determined using SEM on the fractured electrolyte surface (Figure 4.9 
in Chapter 4). SEM showed that 10GDC films were formed over the substrate but the 
thickness was found to vary over the area. This was attributed to the pressure gradient in the 
vicinity of the sputtering targets. XRD results (Figure 4.11 in Chapter 4) indicated that the 
diffraction peaks of 10GDC thin film matched closely with the theoretical Gd0.1Ce0.9O1.9 in 
the library of XRD software, confirming that the 10GDC thin films resulted from the RF 
sputtering process. 
The conductivity of 10GDC on NiO-YSZ substrate was investigated using four point probe 
analysis. The conductivity values of the fabricated electrolytes were presented in Arrhenius 
plots in Figure 5.5 (Chapter 5). The voltages were recorded and the results tabulated in Table 
5.1 (Chapter 5) Resistances and conductivities were calculated, with the results set out in 
Table 5.2 (Chapter 5). 
10GDC conductivities in this experiment were found to be higher than the literature-reported 
values. The divergence between the results of this research and those found elsewhere follows 
from the different methods of thin film formation. Due to the potential significance of this 
result to the fuel cell manufacturing industry, this finding warrants further investigation in 
future work. 
Conductivity is also known to be affected by film thickness. It has been previously shown [3] 
that at certain critical thicknesses, the exact point depending on a number of contributory 
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parameters, film conductivity exhibits a sharp increase by several orders of magnitude. In the 
present work, conductivity decrease was primarily due to grain boundary effects as discussed 
Figure 5.3 (Chapter 5). 
Voltages were found in this study to be linear with current across all studied temperatures 
Figure 5.5 (Chapter 5). However, temperature was found to be inversely related to current and 
voltage. 
A preliminary test of a complete planar single cell was assembled in order to test the 
functioning of the 10GDC thin electrolyte film on the anode cermet substrate. This test was 
described in Chapter 6. When tested, however, the assembled cell failed to produce voltage 
and current. 
While this was not a desired outcome, it was not unexpected. In discussing this situation with 
a range of fuel cell investigators, it was agreed that the failure of the first cell produced under 
a new technology is not an unusual practical occurrence, and that often several attempts are 
necessary to fine tune and overcome the difficulties encountered during the initial fabrication 
(private communications). Unfortunately, present research funding could not be extended to 
afford multiple cell component fabrication and full fuel cell assembly attempts. 
The scientific contribution of the final part of this research project was to undertake a 
systematic and rigorous examination and analysis of the factors contributing to the assembled 
fuel cell failure. 
Firstly, the 10GDC film deposited on NiO-YSZ cermet substrate was examined with an 
optical microscope to detect pores, pinholes, cracks, or other major flaws. The detailed 
microstructural analysis was performed with a scanning electron microscope. The phase 
assemblage was determined by XRD. The electrolyte film thickness was determined using 
SEM on fractured electrolyte surfaces. The outcome from these examinations the surface of 
the film was appeared granular and there were no indication of pinholes. 
Secondly, the cell was tested for pinholes or cracks as described in Chapter 6. The surface 
SEM study and red dye tests showed that cracks and pinholes of sun-micron scale existed in 
the film. These features were determined to be due to the grain boundaries over the film. 
Therefore, a SEM cross section examination of the cell was performed Figure 6.22. Cracking 
in the film was detected in the cross-section Figure 6.22. Although these cracks were less than 
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0.5μm in width, they acted as capillaries and conducted the red dye. This defect therefore 
accounts for gas cross-leakage and the failure of the fuel cell to produce voltage and current. 
Thirdly, the delaminating of the cathode from the electrolyte is shown in Figure 6.6. Large 
scratches on the electrolyte were detected under optical microscope examination Figure 6.25. 
They were possibly being introduced during the cell fabrication or deposition process. These 
defects contributed to the failure of the electric circuit in the cell. 
Finally, the cross section view of a NiO-YSZ cermet with an electrolyte layer deposited on 
the top was analysed by EDX (Energy Dispersive Spectroscopy). The composition was found 
to have changed at different places and components of the cell (see Table 6.1). 
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7.2. Suggestions for Future Work 
The following recommendations should be considered for future fuel cell research: 
• An investigation of the mechanical properties of anodes so that fuel cells can be 
handled without component delamination or breakage, and are optimally able to 
survive the rigors of a wide range of operating conditions. It should be noted here 
that since the interfacial fracture energy γfm of thin films has not currently been 
reported in the literature, this work is likely to prove a useful area of investigation. 
• Experimental studies of cathode kinetics over a wide range of oxygen partial 
pressure are desirable. 
• Kinetics studies of both cathodes and anodes at lower temperatures (i.e., 550–
8000C) are essential to improve the performance of reduced-temperature SOFCs. 
• It is highly recommend continued investigation on the formation of thin 10GDC 
films by changing the deposition parameters. 
• If SOFCs are to be widely useable, they must be very reliable during long-term 
operation. The significant challenge for SOFC researchers right now is to bring the 
cell operating temperatures down at least to 7000C. The study of GDC thin films 
with different wt% Gd is recommended to reduce the temperature. 
• The elimination of anode porosity prior to sputtered material deposition is a very 
important stage of fuel cell production. There are several ways to eliminate anode 
porosity. A few suggested methods for future investigation are offered in 
Appendix 6. 
Given the current factors of increasing global demand for cost-effective, robust and reliable 
fuel cells, more funding seems to be required for intensive research along these suggested 
lines and doubtless across many other directions as well. The race is clearly on to 
commercialise one or more of the many types of prospective fuel cells technologies. SOFCs, 
with all their inherent advantages, appear well-situated to achieve a pre-eminent position in 
this race. It is hoped, therefore, that the research presented in this work has contributed in 
some measure to the store of scientific knowledge needed to achieve this goal. 
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Appendix 1. RF Sputtering System Operation at CFCL 
A1.1 Start Up Procedure 
1. Close air inlet valve 
2. Switch on rotary pump and instruments 
3. Close valve # 2 and open valve #1. Check gate valve (should be closed) 
4. Wait until pressure inside chamber is below 90 mTorr then close valve #1 and open 
valve #2 
5. Start diffusion pump heater. (Voltage out of Variac must be 180/200V) 
6. After 20 minutes, the heater should be hot enough to operate so bring chamber 
pressure back down to ~90 mTorr by closing valve #1 and opening valve # 2. After 
30 seconds, open gate valve slowly and check pressure value (it should start falling 
down quite quickly). 
7. When pressure is in the 10-6mTorr range, sputtering process can be commenced 
(This drop in pressure takes several hours). 
8. NOTE: Do not start diffusion pump heater if pressure is above 10mTorr to avoid oil 
burning. Also always check that cooling water is running before starting vacuum 
process. 
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A1.2 Shut Down Procedure 
1. Close gate valve 
2. Switch off diffusion pump heater 
3. Switch off diffusion pump heater 
4. Switch off diffusion pump heater 
5. After 20 minutes close valve #2 
6. Switch off rotary pump 
7. Open air inlet valve to avoid any pump oil to be sucked up by vacuum in the line 
A1.3 Open Chamber 
1. Open compressed air valve and bring chamber to atmospheric pressure (It will take 
~ 1min.) 
2. Lift up chamber lid using hydraulic pump. Always make sure that gate valve and 
valve #1 are closed before opening the chamber 
3. Keep diffusion pump oil under vacuum to preserve its quality 
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Appendix 2. Film Thickness Colour Chart 
The colour of film precipitated on a phase is related to its thickness: 
• Very thin films 0 to 
400Å 
(0 – 0.04μm) 
? Transparent (no color observed) 
• Thin films 400 to 
5000Å 
(0.04 – 0.5μm) 
? Thin films of oxides produce different color due to 
the effect of interference. Interference expected
when the effective paths traveled by light reflected
at the two surfaces (film and metal) differ by odd
number of (λ/4). 
 
Table A2.1 Colour Chart Table for thermally grown SiO2 films observed perpendicularly under daylight 
fluorescent lighting. © Copyright 1964, IBM. 
Film Thickness 
(µm) 
Colour and Comments 
0.05 Tan 
0.07 Brown 
0.10 Dark violet to red violet 
0.12 Royal Blue 
0.15 Light blue to metallic blue 
0.17 Metallic to very light yellow green 
0.20 Light gold to yellow; slightly metallic 
0.22 Gold with slight yellow orange 
0.25 Orange to melon 
0.27 Red violet 
0.30 Blue to violet blue 
0.31 Blue 
0.32 Blue to blue green 
0.34 Light green 
0.35 Green to yellow green 
0.36 Yellow green 
0.37 Green yellow 
0.39 Yellow 
0.41 Light orange 
0.42 Carnation pink 
0.44 Violet red 
0.46 Red violet 
0.47 Violet 
0.48 Blue violet 
0.49 Blue 
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Film Thickness 
(µm) 
Colour and Comments 
0.50 Blue green 
0.52 Green (broad) 
0.54 Yellow green 
0.56 Green yellow 
0.57 Yellow to "yellowish" (not yellow but is in the position where yellow is to be expected; at 
times appears to be light creamy grey or metallic) 
0.58 Light orange or yellow to pink borderline 
0.60 Carnation pink 
0.63 Violet red 
0.68 "Bluish" (not blue but borderline between violet and blue green; appears more like a mixture 
between violet red and blue green and looks greyish) 
0.72 Blue green to green (quite broad) 
0.77 "Yellowish" 
0.80 Orange (rather broad for orange) 
0.82 Salmon 
0.85 Dull, light red violet 
0.86 Violet 
0.87 Blue violet 
0.89 Blue 
0.92 Blue green 
0.95 Dull yellow green 
0.97 Yellow to "yellowish" 
0.99 Orange 
1.00 Carnation pink 
1.02 Violet red 
1.05 Red violet 
1.06 Violet 
1.07 Blue violet 
1.10 Green 
1.11 Yellow green 
1.12 Green 
1.18 Violet 
1.19 Red Violet 
1.21 Violet red 
1.24 Carnation pink to salmon 
1.25 Orange 
1.28 "Yellowish" 
1.32 Sky blue to green blue 
1.40 Orange 
1.45 Violet 
1.46 Blue violet 
1.50 Blue 
1.54 Dull yellow green 
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Appendix 3. Scanning Electron Microscopy (SEM) and X-
Ray Diffraction: Theoretical and Practical 
Description  
Scanning Electron Microscopy (SEM) 
The FEI Quanta 200 Scanning Electron Microscope (SEM) located at the Department of 
Applied Physics at RMIT (Royal Melbourne Institute of Technology) University was used for 
all SEM analysis in this work. The schematic diagram of SEM at RMIT was shown in (Figure 
A3.1). The advantage of FEI Quanta 200 SEM is that it has high vacuum and low vacuum 
modes. Therefore, observation of out gassing or highly charging materials can be made 
without the need to metal coat the sample. 
SEM is one of the most versatile instruments available for the examination and analysis of the 
microstructural characteristics of solid objects. The primary reason for the SEM’s usefulness 
is the high resolution that can be obtained when bulk objects are examined. Therefore, it is the 
most widely employed thin-film and coating characterisation instrument. 
 
Figure A3.1 Schematic of SEM at RMIT 
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SEM uses electrons instead of light to form an image. A beam of e- is produced at the top of 
the microscope by heating a metallic filament. The e- beam follows a vertical path through the 
column of the microscope. It makes its way through electromagnetic lenses which focus and 
direct the beam down toward the sample. Once it hits the sample, other e- (backscattering or 
secondary) are ejected from the sample. Detectors collect the secondary or backscattering 
electrons, and convert them to a viewing screen similar to the one in an ordinary television, 
producing an image. 
X-Ray Diffraction 
X-Ray Diffraction is an important technique which is used to obtain information on an atomic 
scale from both crystalline and non-crystalline materials, the arrangement of atoms in solid 
compounds, and to determine bond lengths and angles. It is non-destructive technique. For 
our thin films, XRD was used to identify the crystalline composition and crystalline phases 
present in samples. In this section, the fundamental principles of XRD is briefly reviewed, 
which is based on the works by Suryanarayana, Grant Norton, Cullity, Warren and Schwart. 
X-rays are produced when any electrically charged particle of sufficient kinetic energy is 
rapidly decelerated. The radiation is generated in an x-ray tube which contains a source of 
electrons and two metal electrodes. X-rays are produced at the point of impact and radiate in 
all directions. If e is the charge on the electron (1.60 x 10-19 coulomb) and V is the voltage 
across the electrodes, then the kinetic energy (in joules) of the electrons on impact is given by 
this equation 
 KE = eV = ½ mv2  
where m is the mass of the electron (9.11 x 10-31 kg) and v is its velocity in m/sec. 
Electrons are produced by heating a tungsten filament cathode. When X-ray radiation passes 
through matter, the radiation interacts with the electrons in the atoms, resulting in scattering 
of the radiation. Constructive and destructive interference occurs whenever the atoms are 
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organised in planes (i.e., the matter is crystalline) and the distances between the atoms are the 
same magnitude as the wavelength of the X-rays. Most crystals can have many sets of planes 
aligning with their atomic structure. Each set of planes has a specific inter-planar distance and 
will give rise to a characteristic angle of diffracted X-rays. The relationship between 
wavelength, atomic spacing (d) and angle was solved as the Bragg Equation. If the 
illuminating wavelength is known (dependent on the type of X-ray tube used and whether a 
monochromator is employed) and the angle can be measured with a diffraction meter, then the 
inter-planar distance can be calculated from the Bragg equation. A set of 'd-spaces' obtained 
from a single compound will represent the set of planes coinciding with its atomic structure. 
This can be used for comparison with sets of d-spaces obtained from standard compounds. 
Geometry of Crystals 
The geometry of studied crystals reported here follows Bravais’s method (Figure A3.2) which 
distinguishes between fourteen possible types of lattice structures. 
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Figure A3.2 Fourteen crystalline structures of Bravais 
The lattice structures for Gd and Ce are presented in Table A3.1 below. β-Gd b.c.c. (a = 405) 
has the lattice structure of body cubic centre as in Figure A3.2 (the middle picture of the first 
row), while α-Ce f.c.c. (a = 485) has the lattice structure of face centre cubic as in (the last 
picture of the first row). 
Table A3.1 Lattice structure of Gd and Ce 
Gd Ce 
α-Gd h.c.p. (a=363.60, c = 578.26) 
β-Gd b.c.c. (a = 405) 
α-Ce f.c.c. (a = 485) 
β-Ce hexagonal (a = 367.3 , c=1180.2 
 
Bragg’s Law 
X-rays incident on a crystal are coherently scattered by the atomic electrons. At a certain 
glancing angle of incidence (θ), X-rays of wave length (λ) scattered by atoms in parallel 
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planes are in phase and “reflection” occurs. Figure A3.3 shows Bragg’s law relating θ, λ and 
the inter-planar spacing of the crystal (d) via simple geometrical considerations 
 nλ = 2d sin θ   
Here, n is the order of reflection or the number of wavelengths corresponding to the path 
difference between rays scattered from successive layers. 
 
Figure A3.3 Bragg's reflection 
A small correction to Bragg’s law allows for the refraction of X-rays entering the crystal. The 
refractive index of a solid is less than unity by an amount δ, which is typically of the order 
10-6. Bragg’s law modified to allow for refraction takes the following form: 
 nλ =2d[1-(δsin2θ)] sinθ  
Bragg’s law a modified value of the inter-planar spacing d given by: 
 d’ = d [1-(δsin2θ)]  
PDF 
The Powder Diffraction File (PDF) is one of the most useful sources of information for 
crystal structure data. It collects all single-phase x-ray powder diffractions in the form of 
tables of inter-planar spacings (d) and corresponding relative intensities. All data is available 
on CD-ROM. 
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Appendix 4. Hanky Screen Printer Procedure 
Set Up 
Select appropriate laystop for the parts that are to be printed. Ensure the squeegee/flood coater 
unit is tilted to the upward position so neither is touching the screen. The unit can be tilted up 
or down by pulling the squeegee/flood coater release latch outward. Insert appropriate screen 
into the screen holder arms. Ensure power is switched on at wall at power switch. Place a 
template on laystop and turn vacuum on. Adjust the vacuum pressure to –10kPa for 10Y 
parts, or –20kPa for 3Y parts. Lower the screen by pressing the “down” button on the control 
panel. Align the screen to the template by using the work table adjustment dials and/or by 
sliding the screen backward or forward in the screen holder arms. If necessary, move the 
screen holder arms by loosening their clamps. Be sure to tighten them again once they are in 
the desired position. Once aligned, fasten the screen into position by tightening the screen 
clamps. Send the unit left by pressing the “left” button on the control panel. Look at where the 
squeeze stops to ensure it will completely pass over the print area during printing. Send the 
squeeze/flood coater unit right by pressing the “right” button on the control panel. Look at 
where the flood coater stops to ensure it will completely pass over the print area during 
flooding. If either the squeegee or the flood coater does not pass completely over the print 
area, make the necessary adjustments to the squeegee stroke stopper or the flood coater stroke 
stopper. By turning the off contact adjustment wheel, raise the worktable until the screen just 
rests on the laystop. Turn the wheel to the left until 0.6 is at the front. Raise the screen by 
pressing the “up” button on the control panel. Loosen the squeegee angle adjustment screws 
above the squeegee angle dial, and set the squeegee angle at 55. Send the squeegee/flood 
coater unit left and lower it into the downward position onto screen. Lower/raise the squeegee 
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by turning the squeegee height dial until it just lightly rests on the screen. Turn the squeegee 
height dial six full turns to the left. 
Printing 
With the squeezed flood coater unit to the right, pour an appropriate amount of ink onto the 
left side of the screen while avoiding the actual print area. Lower the squeegee/flood coater 
unit into the downward position. Send the unit left. Place a plastic sheet onto the laystop and 
turn on vacuum. Send the squeegee/flood coater unit right to flood the print area. Lower the 
screen and then send the unit left to print the part. Raise the screen and turn off the vacuum. 
Remove the printed plastic sheet and weigh. If the weight is not within the desired range, the 
squeegee angle, squeegee higher or the off contact can be altered. Once the desired weight 
range is achieved, parts can then be printed. Add more ink and change settings as required 
during the printing process. Place wet parts into appropriate drying oven. 
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Appendix 5. Graphs of Conductivity of GDC Thin Films 
Table A5.1 Conductivity of GDC thin films at various temperatures 
1/Temp σcomposite σsubstrate σfilm σliterature [1] 
0.002 0.02 0.0003 0.0330 0.012 
0.0016 0.07 0.0010 0.0894 0.031 
0.0014 0.27 0.0030 0.3332 0.063 
0.0012 0.71 0.0075 0.8201 0.15 
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Figure A5.1 Conductivity of GDC thin films 
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Appendix 6. Porosity Elimination Method 
Apply Wet Slurry of Zr2O to Coat the Support 
1. Grind the parts flat on a 600 mesh (20 μm) diamond wheel. 
2. Wash the parts thoroughly with ethanol. 
3. Polish the parts on a 9μm grade alumina paper prior to coating to remove most of 
the big or deep scratches visible on the surface; wash thoroughly in ethanol. 
4. Mill ZrO2 powder was in ethanol for a few hours with the addition of a surfactant 
to improve powder dispersion. Fill the pores by applying a layer of this ceramic 
on the anode surface. Brush away all the excess powder as much as possible; 
sometimes the use of ethanol to remove powder will help. 
5. Sinter the parts at the rate of 3000C per hour to 10000C and hold there for 1 hour, 
utilising a zirconia base plate during this process. 
6. Polish parts again on a 9 μm alumina paper after the heat treatment to remove any 
excess layer of sintered zirconia. Brush off all the loose powder particles 
completely before polishing to avoid scratching the anode surface. 
Apply Organic Substance 
1. Fill the pores of support with an organic substance (paraffin) first and then 
perform sputtering. 
2. One way to fill paraffin in the support substrate pore is to melt paraffin and then 
immerse the surface of the substrate in molten paraffin. 
3. Keep it there for a few hours or use vacuum oven so that the pores can fill more 
easily. 
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4. Remove the substrate. Wipe the surface clean. Cool. Clean the surface with tissue 
or soft cloth. 
5. Dip the substrate surface in toluene to clean the surface. Repeat this step couple of 
times so that a clean surface can be obtained and completely filled porous 
structure. 
6. Apply the reactive RF sputtering on the pore filled substrate. 
7. Clean the substrate by using a vacuum or just a furnace after sputtering. Figure 
A6.1 below illustrates this method 
 
GDC Thin Film 
Porous Anode 
Paraffin 
 
Figure A6.1 Pore elimination with organic substance 
 
